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EXECUTIVE SUMMARY

The principal objective of the Solar-TErrestrial Relations Observatory (STEREO) is
to understand the origin and consequences of coronal mass gjections (CMES). CMEs are
the most energetic eruptions on the Sun. They are responsible for essentially all of the
largest solar energetic particle events and are the primary cause of major geomagnetic
storms. They may be acritical element in the solar dynamo because they remove the
dynamo-generated magnetic flux from the Sun. Are CMEs driven primarily by magnetic or
nonmagnetic forces? What initiates CMES? What is the role of magnetic reconnection?
What isthe origin of the associated waves, shocks, and particle radiation?

These fundamental questions cannot be addressed conclusively with the single-
vantage-point observations currently available. In order to understand and forecast CMES,
we need three-dimensional (3-D) images of them and of the ambient solar corona and
heliosphere. We must be able to follow CM E-generated disturbances from the Sun to the
orbit of Earth. We need to know the state of the ambient solar wind in front of these
disturbances. We need accurate measurements of the pre-CME corona and of CME timing,
size, geometry, mass, speed, and direction. We need to know the strength and polarity of
the associated magnetic fields. Astrophysical analogues of mass gections, which may
operate in accretion disks and active galactic nuclei, will be better understood when we
understand CMEs.

Two suitably instrumented spacecraft at 1 AU, one drifting ahead of Earth and one
behind, will accomplish the measurement goals. The imaging technology needed is
avallable now. Simultaneous image pairs will be obtained by STEREO at gradually
increasing angular separations in the course of the mission, and substantial new physical
insight will be gained simply from visual examination of the stereo images. In addition, a
wide range of image analysis and reconstruction techniques, such as automatic feature
tracking and magnetic field constrained reconstruction, can also be applied. We tested
triangulation techniques on simulated STEREO observations and concluded that
stereoscopic observations with X-ray/extreme ultraviolet (EUV) telescopes will resolve
many disputes, including questions of magnetic reconnection and loop— oop interactions.

In situ measurements will provide accurate information about the state of the
ambient solar wind and energetic particle populations ahead of CMEs while also
determining the plasma, magnetic field, and energetic particle characteristics of the
interplanetary disturbances as they pass. These measurements will enable definitive tests of
CME and interplanetary shock models.

With the Goddard Space Flight Center, we studied orbits, vehicles, programmatic
requirements, and funding needed to carry out a 2-year science mission with a 3-year
extension for support of other Solar-Terrestrial Probes. We concluded that the mission can
be launched in mid-2003 and can include a “beacon mode” to warn of either coronal or
interplanetary conditions indicative of impending disturbances at Earth.

From this study, the Science Definition Team concludes that:
1. Two suitably instrumented spacecraft in near-circular solar orbits, leading and lagging

Earth at 1 AU, will provide the measurements needed to solve the fundamental scientific
guestions surrounding coronal mass gjections.



2. Thetechnology for the STEREO mission is ready, and NASA should act promptly to
implement it. The spacecraft can be launched by 2003 within the cost cap of the Solar
Terrestrial Probe program.

3. In cooperation with other agencies, NASA should implement a “beacon mode’ on
STEREO to provide near-real-time warnings of impending geomagnetic disturbances.

Web page: sd-www.jhuapl.edu/STEREO
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1. Introduction wind—it is still capable of violent explosions and
substantial variations in radiative output. Understand-
g present-day solar activity will help mankind un-

NASAs Sun-Earth Connections program aims { : o .
improve mankind's understanding of the origins rstand the history of the Sun’s climate and its pos-

solar variability, how that variability transforms théIble influence on Earth’s evolution and the devel-

interplanetary medium, how eruptive events on ¢Rgment of life.
Sun impact geospace, and how they might aff

) %€t through CMEs that solar activity is most force-
climate and weather.

fully felt at Earth. CMEs are the most energetic erup-

STEREO is the third of five Solar-Terrestrial Probé
called for in NASA's Space Science Enterprise Stra- : :

tegic Plan to accomplish the goals of the Sun-Ea mary cause of major geomagnetic storms. Unfor-
Connections program. The first of these missio g_'nately, no one can predict r_ehably when a CME
the Thermosphere-lonosphere-Mesosphere Eneré\g{l_occur or what its effects will be.

ics and Dynamics mission (TIMED) is scheduled f
launch in 2000. The other missions are

%)ns on the Sun. They are responsible for essentially
| of the largest solar proton events, and they are the

9h order to make progress in this area, we need to
follow CME-generated disturbances from the Sun
. Solar-B which will obtain high-resolution 0 atleast the orbit of Earth and we need to know the

images Of the So'ar magnetic f|e|d to determir%ate Of the ambient SO|aI‘ W|nd in front Of these diS'

how it emerges, evolves, and dissipates its ene]@gbances. Coronal observations need to provide ac-
at the solar surface. These processes are ¢HEAle measurements of the pre-CME corona and of
drivers of the solar activity we observe. CME timing, size, geometry, mass, speed (as a func-

. STEREOwhich will obtain simultaneous imageéion of height), and direction at a minimum. Infor-

of the Sun from two spacecraft and build athre@-atiorl abOUt. the strength and polarity of the.field
dimensional (3-D) gicture of coronal mas mbedded within the CMEs would also be highly

ejections (CMEs) and the complex structur sirable. We need to track the evolution of the dis-

: urbances optically or by radio emissions through
S:g:g(;;ngrr?'O?Tdﬁiljg);\r’:!eilst% rsotlljg% ttrrl] e int'erplanetary med.ium tol AU._ Thesitq ob-
heliosphere and their effects at Earth orbit. servations need to pr_owde z_;lccurate mforma_tlon about

, ) ) , ) the state of the ambient wind and energetic particle
*  Magnetospheric Multiscalevhich will provide 5 jations ahead of the CMEs while also determin-
a network ofin situ measurements of Earth’'§ng the plasma, magnetic field, and energetic par-

magnetosphere that can be combined t0 gV§ e characteristics of the interplanetary disturbances
3-D image of magnetic substorms and othgg they pass.

activity in geospace.

* Global Electrodynamicswhich will probe Unfortunately, the CMEs that most affect Earth are
Earth’s upper atmosphere to determine haalso the least likely to be detected with ground-based
variations in particle flux and solar electroer Earth-orbiting telescopes. To understand CMEs
magnetic radiation affect it. better and to forecast their arrival and effects at Earth,

While these missions individually will doubtless prca totally new perspective on CMEs and their sources
duce exciting discoveries about the complex Sulfi-the solar atmosphere is needed. Achieving this
Earth system, together they are a formidable fl&&rspective will require moving away from our cus-
that will greatly improve our ability to predicttomary lookout point. This report describes the sci-
weather in space, enhance our knowledge of s@g#ific progress that can be achieved toward the goals
influences on climate change, and give us fresh ffi-the Sun-Earth Connections program with two
sight into the origins and future of life on EarttPacecrait at 1 AU, one drifting well ahead of Earth
Although the Sun is much quieter today than in t8d one well behind. Together the two spacecraft
distant past —it was once a rapidly rotating, strond¥ mprise the Solar-TErrestrial Relations Observatory
magnetic, violently active star with a massive stellg? TEREO).
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2. Scientific Objectives

The principal science objectives to be addressed
the STEREO mission are as follows:

* Understand the origin and consequences
CMEs

* Determine the processes that control C
evolution in the heliosphere by tracking CM
driven disturbances from the Sun to Earth’s ort

» Discover the mechanisms and sites of so
energetic particle acceleration

* Determine the 3-D structure and dynamics
coronal and interplanetary plasmas and magn
fields

* Probe the solar dynamo through its effects
the corona and heliosphere

Coronal Mass Ejections Figure 1. Four images from the LASCO coronagraph

A primary scientific motivation for studying cMES™" SOHO, showing a CME on 7 April 1997.

stems from their enormous and difficult-to-explain
spatial scales, masses, speeds, and energies. CMEs

appear to be the means by which the corona evo%e

S , .
eruption of coronal and chromospheric plasma
through the solar cycle. They may be the meansfroo?m a region pervaded by magnetic fields that are

rSeuTIO\ﬁﬂgféB?)Z‘;r ?ﬁgsergiirgagﬂig fllil:l)liftrgrggilqtially cl_osed and possibly twisted. _What triggers

frorﬁ the solar dynamo. Further, the striking effec e eruption? H.OW IS the energy built up and over

of CMEs on planetary rﬁagnetoépheres comets gvﬁg;\ tscale? Wh'Ch.’ '.f any, of the several co_mpetlng

cosmic rays extend the interest in mass ’ejections’wn(]e d e_Is of CME origins is the correct physical de-
" : scription of what happens on the Sun?

beyond the traditional realm of solar physics, as

emphasized in the Sun-Earth Connection RoadmgR e onset

Finally, there may be astrophysical analogues of mass o

ejections, perhaps in accretion disks and active\%@i{e are some of the many models for the origins of

lactic nuclei, that will be better understood when WeMES that have been proposed:

understand CMEs. . . .
* Magnetic shear by surface motions, causing loss

Explaining the sudden expulsion of a highly con- Of equilibrium in the corona

ducting plasma from the magnetized Sun presents aMagnetic helicity charging from beneath the
major challenge to space physics. The spectacularsurface, causing a kink instability in the corona
nature of these large mass ejections is illustrated in Emerging magnetic flux, causing loss of
Figure 1 by a time sequence of images obtained with equilibrium in a coronal arcade

the Large Angle Spectroscopic Coronagragh
(LASCO) flown on the SOHO mission. The bright,
loop-like feature contains more tharta@ of plasma.
The energy required to lift the material off the Sun
may be as high asX 10°? ergs. *

Magnetic helicity charging of the corona by
flares, causing loss of equilibrium in a coronal
arcade

Thermally driven blast wave from a large flare,
blowing the corona open

CMEs are complex and poorly understood. None- Buoyancy, due to a low-density cavity in the
theless, itis now evident that many ejections involve corona

4



One should be able to distinguish among the modeldhe Thompson-scattered photospheric light seen
by careful examination of the structure of the prby coronagraphs. Line-of-sight integration effects are
CME corona. CMEs frequently follow several days major source of ambiguity and confusion. Only
of “swelling” of a coronal helmet streamer. Ther8TEREO can provide the observations necessary to
may be corresponding changes in the low coromsart out the overlapping 3-D structures.

magnetic shear (by differential rotation’s effect on

emerged coronal loops) or magnetic helicity chafgME Geometry and Onset Signatures

ing (loop twisting by subsurface flows). Threerne geometry of erupting CME structures is currently
dimensional reconstructions by triangulation on corgpknown. Several basic configurations have been
nal features should reveal the key signatures of thB?@posed: a simple dipolar arcade, a quadrupolar
processes and even allow us to specify the densilyiti-arcade system, a half-emerged flux rope, and
temperature, and magnetic fields of the pre-evep§yspended flux rope. The different physical prop-

structures. erties of these configurations predict different erup-

As the list of models suggests, several fundamerfg! Scenarios, as discussed later. Detailed numeri-

questions must be answered if we are to understgAgmodels of CMEs have been developed, but nearly
the physical causes of CME eruption: all of them have made the simplifying assumption
that the field is two dimensional (e.g., an infinite ar-

« Are CMEs driven primarily by magnetic orcade). In reality, of course, the erupting structures
nonmagnetic forces? have finite extent, and 3-D effects must be impor-

. - t.With the range of view angles accessible to the
* What is the geometry and magnetic topolo n
CMEs? g y g pology EREO telescopes, CMEs and coronal structures

can be reconstructed in three dimensions
* What key coronal phenomena accompany CME

onset? A CME frequently starts with a sinuous brightening
* What initiates CMES? in the low corona and an outward movement of coro-
« What is the role of magnetic reconnection? hal structures on many scales. Chromospheric and
coronal plasma is accelerated to 300 khosmore.
Observations with the Extreme-ultraviolet Imaging
These questions cannot be satisfactorily addresSedescope (EIT) on SOHO show that CMEs are of-
with single-vantage-point observations of the typen accompanied by a wave front in the corona. An
currently availableThe corona is optically thin, bothexample is shown in Figure 2. It was once thought
in the emissions seen by X-ray and UV imagers afiéit such waves are triggered only by flares, but now

* What is the role of evolving surface features?

Figure 2. SOHO-EIT observations of a wave expanding from a CME initiation site on 12 May 1997. Images
are successive differences of images in Fe XI1 195 A.

5



the whole issue must be reexamined. While teame time that the CME is lifting off. Without
waves, variously called Moreton waves or EIT wavagconnection, a full eruption is not possible. In con-
do not appear to be “thermal blast waves,” they setrast, the quadrupolar model involves reconnection
to be intimately involved with CMEs. What is théigh in the corona above the erupting arcade, and no
relationship of the wave to the CME? Which is theconnection is necessary at low altitudes.
trigger? In order to resolve these questions, STE-
REO should be designed to provide images withTaese different scenarios can be tested with STE-
much higher cadence than SOHO does. REO observations. For example, reconnection in the
dipole arcade and flux rope models produces closed
It is well established that pre-eruption magnetic fieHagnetic loops under the CME that should be vis-
configurations contain ample free energy to explgle at the time of the eruption. If no loops are seen,
the gravitational and kinetic energies of CMEs. Howhen the models must be either rejected or modified.
ever, it is not so obvious that enough of this energydgisting observations suggest that the erupting mag-
released as the field is opened during the erupti@atic fields in many events remain open to the sur-
There can actually be an increase in the magnetic ge for a considerable time after the eruption has
ergy locally, even though the global magnetic energggun. This would seem to contradict the models.
may decrease. This has led some to argue that CNfg§ever, the interpretation of the observations is
must be buoyancy driven, so it is important to be allgen to debate, since the orientation of the arcade is
to gauge the size and density of coronal cavities. not known. An end-on view should reveal closed

) loops if they exist, but a sideways view might not.
Many CMEs have a three-part structure that |nclud@§]|y STEREO can resolve this ambiguity.
a dark cavity, a bright frontal loop, and an embed-

ded core (probably erupting prominence materi
There are, however, many examples of CMEs
pre-event streamers with no obvious cavity. If nois widely believed that CMEs are a response to
cavity exists, then buoyancy can be ruled out, agldanges in the surface magnetic fields. These fields
CMEs must be magnetically driven. Whether or nate constantly evolving, either by the twisting and
cavities are present in these structures is difficultghearing of existing flux or by the emergence of new
know due to the possibility of overlapping brighflux from below the photosphere. These processes
features in the foreground and background. Ordytess the overlying coronal field, and the field erupts
STEREO can provide the observations neededwhenever the stresses become too great. An under-
unambiguously establish whether cavities are ustanding of how surface fields evolve leading up to
versal and, therefore, whether CMEs are magnediuption is vital if we are to understand why CMEs
cally or buoyancy driven. Determination of crucialccur. It might also prove valuable for CME predic-
physical parameters such as the density and pt&sh, a long-term goal of the National Space Weather
sure of the cavity will require simultaneous obseProgram. At present, it is extremely difficult to study
vations of emissions that are sensitive to dens#yrface evolution in the days immediately proceeding
(white-light coronagraph) and to density squargdCME. Surface features, especially magnetic fields,
(emission-line imager). are best observed near disk center, whereas CMEs are
best observed near the limb. A STEREO coronagraph
would be able to detect CMEs that originate above
In many CME models, magnetic reconnection ssirface locations that are at solar disk center as viewed
necessary for the eruption to begin or to procedehm Earth. This would allow us to study the role of
The physical role of reconnection varies from modglirface evolution and, in particular, to address the
to model, however, and it is possible thaécent suggestion that CMEs are triggered by emerg-
reconnection plays no active role whatsoever. In timg flux. The needed vector magnetograms will be
dipolar arcade and suspended flux rope models, &vailable from Solar-B and the National Solar Obser-
stretched fields reconnect beneath the CME at tlatory SOLIS magnetographs.

a@grface Evolution
an

Reconnection



The Heliosphere Between the Sun and
Earth

The heliosphere extending fromR§),,to 1 AU (215
Rsun), 1.€., from the edge of the widest-field LASC(
coronagraph to Earth orbit, contains nearly 400 tin
the volume of the currently imaged region close
the Sun. This volume has remained unexplored,
cept during the Helios mission 20 years ago. T
two Helios spacecraft carried solar wind analyze
and low-resolution photometers that mapped the
lar wind density distribution in the heliosphere ar
proved that CMEs can be detected well beyol
30 Rg,, €ven well into the heliosphere (see Figu
3). No such observations are available now.

In general, dense heliospheric structure follows t

location of the heliospheric current sheet. Howev

this structure evolves and is segmented, with the dense

segments generally being associated with regions-@jure 4. Perspective view of the corotating solar wind
high solar activity. Thus, the heliosphere is populatpdttern for Carrington Rotation 1653. The ellipse
not so much by a continuous dense “ballerina skiftidicates Earth’s orbit. Solar wind densities, indicated
of slow-speed solar wind forming a wave around th¥ shades of gray, were derived by fitting a

Sun but, instead, by a set of spikes (see Figure 4) alBgkpspheric model to' Helios photome_ter observations
the skirt that vary continually in strength. of Thompson-scattering from solar wind electrons.

*{ CORDMNAL MASS EJECTION DBSERVED BY HELIOS B M= E3

CHME 24-May—1373
Helioz B (Vigual Light)
25-MAaY-1979 10:00 DIST = 0.484 E-5-8p = -148.2

.

*
a0 45 0 45 a0
elongation

-30 =10 10 30 50 70 90 110 130 150 170 190
N 22— .

Electrons x 1087

Figure 3. Polar plot of a CME recorded by the Helios B visible light photometer. Signal at 9Glongation
corresponds to a CME passing overhead. The spacecraft was at 0.484 AU from the Sun at the time.

7



The quiet solar wind flows out nearly radially frona whole solar rotatiorbDetermination of the instan-
the Sun in corotating patterns that evolve slowly withneous distribution of matter in the heliosphere is
time. The distribution of matter in the heliosphere @& important goal for STEREolar wind density
never entirely certain because of a lack of timely 8nxd velocity measurad situat 1 AU can be related

D information. Figure 5 shows what has been ao- 3-D reconstructions from STEREO heliosphere
complished with Helios data analysis, but that imageagers and coronagraphs and traced almost all the
was built up under the assumption that thveay down to the solar surface. This is not currently
heliospheric density distribution was unchanged fpossible.

Visibility of Earth-Directed CMEs

The quantities observed by coronagraphs are
the polarized brightnegsB and the brightness

B, and they are related to the electron density
through a line-of-sight integral over the light-
scattering electrons. The (Thompson) scatter-
ing cross section is quite small and the density
of the corona is very low. As a consequence,
the white-light corona is very faint, and because
the incident light is polarized by the scattering,
one has to consider carefully how coronal vis-
ibility is affected by the angle between the Sun,
the scattering electrons, and the observer. For a
spherically symmetric coronal density distribu-
tion, roughly half of the total scattered light
comes from within about20° of the plane of
the sky.Contributions of structures that are 60

in front of or behind the solar disk are a few
percent.Because of this limb-viewing bias of
coronagraphs, most CMEs observed to date could
not be related uniquely to other observed kinds
of solar activity. Using simple mathematical

the sky.

models, we investigated tp8 properties of a
typical CME as viewed in projection in the
plane of the sky and at various angular di
tances away from the plane of the sky. Th
simulated CME extended from Z233,,,t0 8.0
Rsun It was 38 wide in longitude, and the shell
was 1Rg,,thick (these numbers are represer
tative of CME observations from LASCO C2
and C3). Figure 5a presents a view with th
CME in the plane of the sky, while Figures 5

and 5c¢ show the views when the CME is ror

tated 30 and 60 out of the plane of the sky,
respectively. The CME appears fainter an
smaller when rotated 3Grom the plane of

the sky. It appears as a halo when rotated

90°. But our simulation shows that correct in+

terpretation of the halo in terms of physica

size or angular extent is almost impossiblg.

Also, images from a single vantage point d

not provide any information on the longitude

of the CME. With two vantage points, one ca

ascertain its longitude and compare it directly

to other solar disk observations.

Figure 5. Three views of a simulated coronal mass ejection. (&) CME in the plane of the sky on the y
limb of the Sun, (b) CME rotated 30 from the plane of the sky, and (c) CME rotated 60from the plane of
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CMEs in the Heliosphere impossible to obtain with present capabilities. The

. ial elements are the time and location of launch
ME pr tion and CME effects at Earth depe 5‘9'6.‘. . . . '
c propagation and C P b%@ initial direction, the speed, the spatial extent, the

not only on the character of the coronal event neti nfiquration. and the mass
also on the state of the heliosphere. Even as a cjganetic contiguration, a :
emerges from the corona, its motion is influenc%

b di belt struct q me tentative tests of CME propagation models are
y surrounding streamer belt structures an Cor.088|ng undertaken with existing data, but the efficacy
holes. A fast CME propagating into a slow ambie F

ind the wind in its path: the interol g such tests is severely constrained. For example,
wind compresses the wind In 1ts pain, the interp a&Sronagraphs are sensitive only to the portion of the

etary magne_ti(? field is intensified, _its Orientatioaisg.lrbance lying close to the plane of the sky and
changes as it is compressed, and it drapes aro relation of that special slice to the entire CME is

the advancing structure. If the speed of the CMEdgnerally ill defined
high enough relative to the ambient solar wind,™a '

forward shock forms ahead of it. When a CME 0grrent models show that CME interaction with the
curs near the boundary between fast and sl@@iiosphere is likely to be very complex and to pro-
streams, part of it is accelerated and part of itd§ce confusing results. An illustration is presented
slowed down. In general, a CME can be acceleratﬁp,:igure 6, which shows two slices through a 3-D
decelerated, deflected, distorted, attenuated, or #MYdrodynamic simulation of a CME interacting with

plified, depending on the details of its interactiogiijted-dipole background flow. Although the reso-
with the ambient medium. Many of these mteractlo_n;tion of this exploratory calculation is crude and
are of special interest because they produce occasigh@lmodel structures highly idealized, it suffices to
strong enhancement of geomagnetic effects. show how an initially compact, spheroidal CME

. characterized as a modest velocity and pressure
To understand and predict the effects of CMEs gn y P

Earth, it will be necessary to map the inner helio-
sphere and reveal fast and slow streams, interaction
regions, and the interplanetary magnetic field. These
maps will be generated from numerical models of
the solar wind based on the 3-D observations of coro:
nal holes and streamers together with observation:
of the magnetic field at the surface of the Suan.
situdata obtained at STEREO spacecraft will be used
to correct the heliospheric maps.

Current maps of the heliospheric magnetic fields are
based on Carrington Rotation maps built up from
line-of-sight magnetograms taken from ground-based _ _
observatories. The fidelity of the resulting models fd9ure 6. S_”}?ma_tl'og d(')f ? mog_el tCMIE pu_lze
suspect because the determining characteristics'%tr%a‘:t'ng with a tilted-dipole ambient solar win

artly global in nature. Consequently, some partsfo structure. The panels represent slices through the
P : ' ' splution in the ecliptic plane (left) and the central
the input data for the models are more than 3 we

idian plane (right) 10 days after CME launch from
out of date. We know from Yohkoh and SOHO obr. sun. The computational domain runs in

servations that even the quiet Sun during solar miRksiocentric distance from 0.14 to 5.0 AU, with white
mum changes on timescales measured in hours g&icircular gridlines every AU. The model CME was
days rather than weeks. injected into the solar wind at the equator, at the base
of the streamer belt. Note how the CME is compressed
Maps derived from STEREO data will allow tests @it the interface between the slow streamer belt flow
a new generation of advanced models of interplamd fast high-latitude flow above the equator, whereas
etary propagation of solar disturbances. The ingbe CME is drawn out and accelerated by the
requirements are relatively straightforward but alsarefaction flow ahead of it below the equator.
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pulse injected at the base of the slow flow along teeveral days. For both types of emission, the distur-

model coronal streamer belt) is subsequently disnce (that is, the energetic electrons or the shock)
torted by variations in the flow structures it encougenerates radio emissions at the local electron plasma
ters. Such models predict certain patterns in tlirequency or its second harmonic as it moves along.

interplanetary evolution of CMEs that are directly

related to the surrounding background flow structuM/ith one spacecraft, parameters such as the elec-
STEREO observations will allow us to make a redfon density at the emission sites and the path of the

istic assessment of the models. disturbance through interplanetary space can be in-
ferred but they are model dependent because it is
Tracking Disturbances from the Sun to Earth not possible to determine exactly where along the

. . measured line of sight the radio source lies. What is
Interplanetary d!sturbancgs will be detected remotg}gua”y done in this case is to rely on a global model
not only by heliosphere imagers but also by radi interplanetary electron density, taking the point
telescopes. Only two types_of_ radio emission Affhere the line of sight intersects the appropriate den-
generated far from the Sun in interplanetary spaggy s, plasma frequency) to be the emission point.
These are (1) the quite common flare-associated tyge ey ample of this type of source location determi-

[l bursts, and (2) the much rarer type Il bursts assition can be seen in the top part of Figure 7.
ciated with CME-driven shocks. Type lll events are

caused by energetic electrons traveling at speed#sillustrated by Figure 7, reliance on a single space-
0.2 to 0.4 times the speed of light, so they move fraraft does not solve one of the outstanding and fun-
the vicinity of the Sun to 1 AU in 20 to 30 minuteslamental problems involved with predicting the
For the type Il events, typical speeds are 300—10@drestrial impact of CMEs, namely, determination
km/s, so the travel time from the Sun to 1 AU ©f the propagation speed of the corresponding

u—'_‘" - WindWAVES
i I A Radio Tracking of CME
L 1M kHa Sun to Earth and Beyond

{41 LFla

o "1"

: I'Iﬁlnji-'.l EII'i:lI.F.I;.I Eraim l:=hiE Bhook |

January, 1897
Figure 7. Radio tracking of a CME shock from the Sun to beyond Earth. The Wind/WAVES instrument was
able to measure the azimuth and elevation of the type Il emission associated with the spectacular January
1997 CME, but the actual location of the source could be found only by intersecting the lines of sight with the
assumed position of the shock front. Since the speed of the shock front was not known until the shock passed
by Earth, the sketches at the top could only be constructeaiter the fact.
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disturbance through interplanetary space. For éarticle Acceleration by CMEs
gmplg, n the low corona, where CMEs are Qbservgglar energetic particle studies with STEREO have
in visible light, their speeds and accelerations c : A ~tivac:

0 main objectives:
be measured. However, these measured speeds are
generally quite different from the speeds of propa- TO understar!d how and where CMEs accelerate
gation through the interplanetary medium and can, charged particles
therefore, lead to predictions of the arrival time of To develop tools for greatly improved forecasts
the coronal disturbance at Earth that can be in error of large solar energetic particle (SEP) events and/
by a day or more. Similarly, single spacecraft radio or to warn of their onset

measurements like those of Figure 7 of the shqgfsre than 95% of the largest solar energetic par-
front can lead to large errors because the electfpii events are associated with CMEs, but only about

density in the solar wind can vary over a wide rang$he-third of CMEs produce shocks, and not all
Radio telescopes on the two STEREO spacecraft Wihcks result in large events. In the largest SEP

make reliance on models unnecessary becausedbgnts the particle fluxes spread out over°1ig0

radio source location is simply the intersection @fgitude. Since the particle flux at a given space-
the two measured lines of sight. craft depends on how well it is connected to the

e .shock, the objectives above are best addressed by
The radio direction-finding capabilities, together wit servations of particles and fields at several

th$lw'de sipta;]ratlton beIt:Nee(;]_ the STEREOt Spacect; iospheric longitudes, as emphasized in the recent
}M permi i E 3|/pe i drab "?[ .sourcleé_ a i\g'.ve ASA report “Foundations of Solar Particle Event
requency, to be located by trianguiation. A singig;q Management Strategies.”

triangulated source position is sufficient to establis

the density scale and, therefore, determine the CMEp eyents can be classified into two different types
shock speed through the interplanetary medlueee Figure 8)Jmpulsiveevents, which have minor
Once the shock speed and density scale are obtaif§deases in particle flux, are rich in&ibeavy ions,
we can readily predict, to within about 2 hours, whepg electrons, and last from minutes to hours; and
Earth will encounter the disturband®, triangulat- gradualevents, which are major proton flux increases
ing the type Il radio source at many times and frgp, timescales of hours to days. Impulsive events are
quencies, the CME shock can be precisely trackgghqciated with solar flares, and gradual events are
through interplanetary space and the predicted agssociated with fast CMES that drive. In both types
rival time at Earth can be refined of events the propagation and properties of the
ct}arged particles depend crucially on the structure
the coronal and interplanetary magnetic fields and
asmas, so particle flux measurements will allow a

The t i1l radio burst traiect b ruct w kind of remote sensing of the acceleration and
€ type i radio burst trajectory can be construc opagation regions, especially when the measure-

from megsurements madg ata num.ber of .dlffer Lnts are combined with stereoscopic images of the
frequencies. Stereoscopic observations will allo&‘)rona and heliosphere

interplanetary densities along the radio burst trajec-

tory and electron exciter speeds to be remotely Mggmpression, plasma turbulence, and shock accel-
sured and the average interplanetary magnetic figldion of particles are expected to be strongest near
topology to be mapped. STEREO observations Wile western face of fast CMEs, and the duration of
also allow intrinsic properties of the radio sourGge particle events should depend on the time that
region, such as the brightness temperature, the soyigeshock and CME affect the field lines that con-
size, and the source effective beam width, to be @@t the observer with the Sun. Thus, the particle
rived and studied in an unambiguous manner.  experiments on the two STEREO spacecraft will

With the stereoscopic observations, trajectories
kilometric type 11l radio bursts will be constructe I
and studied in a systematic way for the first tim

11



CME-Associated (Gradual Event)

Impulsive Flare-Associated {Impulsive Event}

/ Interplanetary Magnetic Field
(IMF)

Earth -

. Imterplanetary Magnetic Field
(IMF)
LBamh, A S _
Vi “. Pakticle
1 Flox
- |
larth
h_.-"'""'r I

Proton-Rich
Long-Lived (Iays)

Electron-Rich
Short-Lived (Hours)

60-180 Degrees Solar Longitude 30-45 Degrees Solar Longitude

Figure 8. Impulsive and gradual solar energetic particle events. Particles accelerated in impulsive solar flares
are generally detected only by observers that are well connected to the flare site. These events tend to be
relatively small. They are rich in He, heavy elements, and electrons. In gradual events, the particles are
accelerated by a CME-associated shock and are observed over a wide range of longitudes.

provide stereoscopic observations of the large-scale MeV electrons and protons provide information
structure of CMEs, their effects on the ambient ion the dynamics of the corona and CME close to the
terplanetary medium, and their evolution in interplaGun, and the keV particle measurements can be used
etary space. The effects of shocks and CMEs cartdé&ack the shock and CME on the way to Earth. In
sensed from CME onset up to and beyond the tiaédition to helping profile CME-associated particles,
when the CMEs or shocks pass over the spacecik. trailing spacecraft will detect steady interplan-
Model calculations can then determine the large-scatary particle streams, such as those in co-rotating
structure and the position of the CME’s center in ti@eraction regions, before they pass Earth.
heliosphere. To test the models, it is important to be

able to sense the different regions around CMEs avidgnetic Clouds

shocks on a large scale. This probing can be contin- . _ , _
ued throughout the STEREO mission. Many CMEs are associated with erupting promi-
nences (called filaments when seen against the bright

The particle detectors aboard the STEREO spaselar disk). They often appear to be twisted strands,
craft trailing Earth will probe the corona and its dyike ropes (see Figure 10). Interplanetary magnetic
namics near disk center (as seen from Earth). Heleuds are also flux ropes, as determined from fit-
is where the most geoeffective CMEs start. Figureiflg theirin situfields to flux rope models. Many, if
shows an example of how particle measurementset all, CMEs are associated with magnetic clouds.
different energies provide information from the orfFhis may be a vital clue to their possible origins in
set of the CME at the Sun up to its arrival at Earthelicity charged features in the corona.

Early in the event, the particle intensity peaks at MeV

energies, followed by increases at keV energies Mpgnetic fields in astrophysical settings are usually
to and beyond the time the shock passes the obsefil@mentary and tend to concentrate as “magnetic flux

12
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Figure 9. Collected SOHO/EIT/LASCO/COSTEP EUV, white-light, electron, and proton observations for the CME on 7 April 1997. EIThservations
show the extent of the wave in the corona. The shock/CME passed the Earth on 10/11 April.



Figure 10. The Sun in He 304 A emission as recorded on 26 August 1997 by the
EIT telescope on SOHO. The prominence on the northwest limb demonstrates
the twisted structure characteristic of eruptive events.

ropes.” It is expected that magnetic helicity is cosuch as the one shown in Figure 10. Magnetograms

served in such flux ropes once they leave the Swill allow reasonable estimates of the flux. The im-

Magnetic helicityH,,, is defined as agers should also be able to test models that attribute
CME onset to a helical kink instability.

Hm = F|j ABadv, (1) Helicity-conserving flux-rope models have been con-
v structed under the assumption that twisted filaments
and their surrounding loops become the magnetic
whereA is the magnetic vector potential &t the clouds seen in interplanetary space. The models fit
magnetic field vector. With suitable specification ahe average thermodynamic and magnetic properties
gauge and boundary conditioft, can be specified of magnetic clouds. If the helicity of eruptive
in practical terms. For example, the magnetic helicjtyominences can be determined with STEREO
of a twisted flux rope i§ @ whereT is the total observations, one should be able to predict the mag-
twist in radians andp is the magnetic flux in the netic field structure and strength of magnetic clouds
rope. The STEREO chromospheric and low coroatil AU. This would represent a major advance in
imagers should have enough spatial resolving powstimating the geomagnetic effects of the most potent
to allow determination ofF in eruptive prominences,CMEs.
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Escape of Magnetic Flux and the Solar by their effect on the chromosphere and by their cor-
Dynamo relation with type Il radio bursts.

Two mechanisms can facilitate net flux escape fro'&g Figure 12 shows, there are distinctive waves in
the Sun: helicity charging to push open the fiel(é% ’

ith fion to cl h € M ronal emission line images from the EIT instru-
WIth reconnection fo close them oft. Measuremergg, i oy soHo. They sweep across almost the en-
of the solar wind magnetic fields at 1 AU appear

ffe corona, and it is probably true but yet to be es-

tsr?ovsv tha}t 16 I\‘Ix Olf a2|mluth_?rl].flux tIS .ejfﬁted bytablished beyond doubt, that the chromospheric
€ sunin each sofar cyclé. 1hisrate 1S the sam ifestation, the Moreton wave, is just the skirt of

the expected rate of toroidal flux generation by t e wave front (Figure 13)'he waves in the EIT

solar dynamo. This measured flux ejection rateifﬁages (“EIT waves”) have been seen throughout

also consistent V.V'th estlmatqs of flux €scaping s jow corona. Considering that the cadence of EIT
CMEs and prominence eruptions and with the

emiages is only four per hour (at most) and that most

parent rate of flux emergence at the solar surfaceOf;\?he SOHO mission to date has taken place near
measured by ground-based magnetographssdiv

. A . o9 ar minimum, it is surprising that so many Moreton
appears that escaping toroids (idealized in Figure prising y

lting f h ¢ effect of CMES wi es have been detected. The EIT observations
as resutting from the net efiect of many S Wil ake it clear thaivo coronal emission-line imagers
helical fields) remove at least 20%, and possib

: i erating at higher cadence than is possible with
100%, of the emerging flux in each cydiux es- . :
cape can be checked with STEREO data, and it SOHO would be able to specify the wave fronts in

: e dimensions.
prove to be the key to understanding the cyclic

behavior of the Sun. The motion and distortions of the wave fronts reflect

the conditions for wave propagation in the corona.
According to Uchida’s theory of Moreton waves,
“Moreton waves,” once also known as flare blaptopagation of the slow mode and the Alfvén mode
waves, were discovered by Gale Moreton, an obsemw@ve packets is confined to local magnetic field lines,
at the Lockheed Solar Observatory in the 1960s. Thes¢ the propagation of the fast mode wave packets
waves propagate horizontally across the disk of tten reveal the distribution of the field strength. The
Sun at velocities up to 1000 km/s. They are fast-mdtkdd strength distribution in the corona can be
magnetosonic waves associated with large flarederred by entering a field distribution and comput-
Moreton waves are visible in the wings of thelitie, ing the paths of the wave packets, then adjusting the
and until the SOHO mission, they were known onfield distribution until there is agreement with the
observed wave fronts. Thus, STEREO observations
of the wave fronts can achieve a dramatic advance
in measuring the coronal magnetic fi€lthis “seis-
mology of the corona” may finally achieve what has

Coronal Magnetic Fields

— - been impossible with older approaches: a complete
<« — 20> specification of coronal magnetic field strength.
-« — 77X = >
= re——— Coronal Loop Heating

/ * At a temperature of several million degrees, the solar

corona is 3 orders of magnitude hotter than the un-
erlying photosphere. The reason for these extreme
onditions has challenged solar physicists for decades
and remains one of the great unsolved problems in
with helical fields may be the removal of most of the space science. What Is the physical mechanls'm re-
dynamo-generated flux each solar cycle. The direction sponsible for heating the corona? A number of inter-

(arrows) of all the fields in the figure reverses at about €StiNg ideas have been proposed, including the
the time of solar cycle maximum. dissipation of electric currents in stressed magnetic

d
Figure 11. The escape of CME-associated helical fields,
from the Sun, idealized as northern and southern
toroids. The net effect of the ejection of many CMEs
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Figure 12. An EIT image of Fe XIl 195 A emission in the corona on 24 September 1997 showing the loops of
a major flare and the EIT wave. Both the wave and the flare were associated with a CME.

fields and the dissipation of magnetohydrodynamnticose flux tubes that are filled with strongly heated
waves generated in the photosphere, but none of thasma appear as bright loops. The existence of dis-
has been demonstrated to be correct. tinct loops is, therefore, a direct indication of spatial
inhomogeneities in the rate of coronal heating.
The solar corona is a highly structured mediurgiearly, if we are going to understand coronal heat-
Coronal loops, which trace closed magnetic fiejdg, we must understand the nature and origin of

lines, are the primary structural elements. Althougronal loops. Why do they exist, what are their prop-
magnetic fields fill the entire coronal volume, onlgrties, and how do they evolve?
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Figure 13. Wave fronts at various times after a CME event on 25 May 1997. Distortions of the wave front
reflect variations in fast-mode wave velocity along ray paths from the site of the eruption. Stereoscopic
observations of such wave fronts can be used to derive the distribution of magnetic field strength in the corona.

Loop Cross Sections layers, as might be expected for magnetic

One of the basic properties of coronal loops is theaconnection, for example, loops should be ribbon-
cross section. The shape of the cross section is lde-structures with highly noncircular cross sections.
termined by the spatial distribution of the enerdfenergy is instead released axisymmetrically, loops
release and, to a lesser extent, by the transporsioduld be more like the tubular structures that are
this energy within the loop. It thus provides valuab®mmonly assumed. It is impossible to know which
information about the spatial dependence of tbéthese possibilities is correct in single-view obser-
heating process. If energy is released within thwations, where loops are seen as projections onto the
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flat plane of the sky. Their depth is completely uenhancement occurring at the presumed point of
known. Only STEREO can provide the necessacpntact. It has been suggested that magnetic recon-
information to determine the all-important 3-D strucaection at the current sheet interface between the

ture of coronal loops loops is responsible for the energy release, so these
. events may provide an excellent opportunity to study
Scaling Laws the details of the reconnection process. At this point,

Scaling laws are very useful for studying the heatiR§Wever, we cannot be certain that the loops are
and equilibrium properties of coronal loops. The&tually in cqntact, much less sort out the de‘galls of
laws describe relationships among loop-averagé§ overlapping structureSTEREO observations
quantities. One well-known scaling law relates il provide a definitive resolution of the loop—loop

product of the average temperature and pressure ipgraction issue.

loop to the loop’s length. Another relates the average . -

pressure and length to the average heating rate.%%ar Wind Origins

comparing theoretically and observationally derivéldvo of the most important current questions in solar
scaling laws, it is possible to determine if the heatiagd heliospheric physics are how the solar corona is
is steady and how it differs among loops of differeheated to temperatures in excess of a million degrees
sizes. This information provides vital clues about tlaad how the solar wind is accelerated to speeds that
nature of the physical mechanisms involved. Curreanhge from approximately 300 to 800 km/s. There
progress is hampered, however, by an inability to make at least three different types of solar wind: fast
accurate measurements of the fundamental loop waid from coronal holes, slow wind from coronal
rameters. Lengths can only be approximated becasiseamers, and transient wind of any speed from
there is little information about the extent of the stru€MEs. The slow wind from coronal streamers may
tures along the line of sight. Densities and pressuadso be essentially transient in nature. Solar wind
are also highly uncertain, since they are derived framght also originate on open field lines in other re-
emission measures with an assumption about the ligens, such as the quiet, background corona. How is
of-sight thickness of the emitting plasma. The situtire wind accelerated? We cannot be sure we under-
tion will improve dramatically with the two-viewstand the processes responsible for solar wind ac-

observations from STEREO. celeration until the theoretical models match condi-
_ _ tions both in the solar corona and in the solar wind
Axial Gradients near 1 AU for each type of wind.

Yohkoh appear to have far more variation along th 7 determin_e the conditions at _the_sour_ce regions of
axes than is predicted by theory. If this observati ¢ solar wind, we rely on white-light images and

is correct, it has major implications for both the he S(\:;ral |n(1j‘o>r(mat|on_r|2 the UV.’ e?<treme utltr.av'loflet
ing and transport of energy within the loops. It ), and X-rays. These emissions contain infor-

difficult to know, however, whether the variationgf1atlorl about the densities, temperatures, wave mo-

are real or merely a consequence of misunderstdS rS] arlld ?ulk;lows:tof;everal '?Q spIeC|es gstyvzl[[
projection effects. A bright loop section could be € electron densily. because the plasma IS ied to

indication of locally enhanced densities and tempet e magnetic field lines, imaging also provides in-

tures or it could be a result of the loop geometry mation on the geometry of the magnetic f'el.d'
bend that increases the line-of-sight thicknes urrent models try 10 incorporate some of this in-

STEREO will resolve this ambiguity rmation, but the problem is that the images and
' spectra are all obtained by integration of the emis-
Loop-Loop Interactions sion of the optically thin plasma along the line of

sight. This leads to fundamental ambiguities about

Both Yohkoh and ground-based coronagr:aphs haNg actual 3-D structurkVhat is needed to make so-
observed what have come to be known as “loop—agp \wind acceleration models more realistic is a

interactions.” These are transient events in whighhgel of the 3-D structure of the streamlines based
nearby loops concurrently brighten, with the greates{ observations, rather than on assumptions.
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The STEREO mission will play an important role iSimilarly, STEREO will add a great deal to Solar-B
improving our understanding of the acceleration s€ience by helping to define the 3-D structure of any
the solar wind and in testing models deriving froparticular target of observation. Solar-B’s science
that understanding. Stereo images of the corona whleme is a “systems approach” to the physical
help remove the ambiguities arising from observesupling of the photosphere and corona. To achieve
tions along a single line of sight. When the angdllis goal in a completely satisfactory manner requires
between the two STEREO spacecraft approactaeklitional knowledge, because the corona is mostly
90°, it will be possible to obtain both white-lighoptically thin and one cannot accurately infer the true
coronal data and interplanetary data on the sagemmetry from a single set of observations.
streamline; currently, tha situmeasurements must

be combined with plane-of-sky observations obtained

at a 90 separation in longitude, so that the correl&ollateral Research

tion bereen white-light coronal observations ang. STEREO platforms offer opportunities for many
solar wind measurements can be done only on a g4 e kinds of observation in areas not directly
tistical basis. related to the solar activity that affects Earth. We rec-
ommend that such observations should be accom-
modated to the extent that resources permit,
The approved Japanese Solar-B mission (Table @grpviding that this does not compromise the primary
due for launch in 2004, will overlap with STEREGnission objectives.

and can provide sophisticated Earth-perspective con-

text observations. The STEREO and Solar-B ddfglioseismology

sets will be highly complementary since Solar-Bg|igseismology has captured scientific and public
emphasizes high-resolution observations of t&ention hecause it actually provides views, graphic
photosphere, transition region, and low corona, whilg \e|| a5 quantitative, of the structure inside the Sun.
STEREO provides an extended view of the COrogg, e qyer, these views challenge some of our present
and heliosphere. The Solar-B data will include vegscents of the physics of the Sun and of the broader
tor magnetograms at 0.1-arcsec pixel size as wel| @gerse (e.g., the abundances of the elements). The
sensitive EUV spectroheliography and whole-Syiyrent methods of observation in helioseismology,
X-ray imaging. The Solar-B vector magnetograqu by SOHO in space and GONG on the ground,
will provide the best possible sensitivity for studysaye certain limitationghese include access to the
ipg the underlyin_g magnetic fields and their eVQIllbwest-frequency p-modes of low degree, which give
'tlon b.e.fore, dt!””g’ and after' a CME-launching,q pegt information about the deepestinterior, where
instability, and it will be operating when STEREQ e hope to resolve the puzzling solar neutrino prob-
spacecraft are optimally positioned for recording, at jow frequencies one finds high valuesf
those same CMEs. in the p-modes, with obvious benefits for mode iden-
tification and application to learning about solar
structure.

Solar-B Collaboration

Table 1. Solar-B key parameters. Thus far, the existing helioseismic observations have

Launch date 2004 not discovered g-modes, which propagate only in the
Orbit Sun-synchronous Earth orbit radiative core of the Sun and, thus, would be the best

Instruments  White-light telescope (0.2-arcsec9”ide to its structure. The present tools may not suf-
resolution) fice to show the g-modes, and STEREO might offer

—filter photometry the key help needed.
— spectroscopy (vector B)

UV stigmatic slit spectrograph
X-ray imager

The low-degree p-modes, and possibly the g-modes
as well, can be detected with simple photometry.
From a single geometrical perspective, the different
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modes of oscillation present foreshortened projeneasurements (and broad-band spectral measure-
tions, which lead to crosstalk between mode®ments) require only minor resources and could easily
Stereoscopic observation can reduce both this accommodated on a STEREO platform.
crosstalk and noise in the measurem@npair of

well-separated instruments would allow removal &fray and Gamma-ray Bursts

the_ incoher_ent c_onvective motions (_vvhich represehrd X-raysysrays, and radio bursts may help to char-

noise) and isolation of the almost strict coherence giterize coronal structure and may represent energeti-
the seismic effectsnstruments on SOHO (MDI, ¢4)ly important components of major eruptive events.

VIRGO, and GOLF) provide some heritage fofq|ar flares and probably also developments at CME
helioseismic observations from deep space. In $igsets accelerate high-energy particles. CMEs con-
STEREO mission, these measurements would prgRye to accelerate particles as they propagate through
ably be done photometrically with irradiance instryne corona and the heliosphere. Thus, observations of
ments. If a more complex helioseismology instrie byproducts of these high-energy particles repre-

ment could be accommodated, velocity measutgnt an important channel of information about the
ments could be made. These are superior to irradiaggs, )| process involved.

measurements for low-degree, low-frequency modes.

Solar nonthermal radiation, including hard X-rays
Solar Irradiance andy-rays (>10 keV) may have anisotropic emission

The solar irradiance variability discovered in tHa€cause they are nonthermal in origin. This prop-
1980s provides a substantial challenge for solar ph%ty of the rgdlatlon provides a relatively §|mpl_e
ics. What are the mechanisms that produce such gf8gtote-sensing tool that can help study particle dis-
output fluctuations in what was once called “the sof§fPution functions near the acceleration site. The
constant?” We had long known about the variabil(ig}re‘:t'v'ty of hard X-rays from bremsstrahlung is
of spectral emissions such as the 10-cm or s io.sely related to the polarization, which is a very
X-ray fluxes, but these relate to the corona, not qfficult measurement that has never been successfully

the photosphere of the star itself, and repres&@fried off. Effectively, therthe only way to observe
relatively minor energy fluctuations. the directivity of the hard X-ray bremsstrahlung is

by stereoscopic viewing

Several known mechanisms exist to explain differ-

ent components of the observed variability of totaf €€iS€ timing of+ray fluxes also provides some of

solar irradiance but there remains a substantial Y€ Dest position information for the enigmatic
fhonsolar)ray bursters, and this position informa-

explained variance, which may include secular terms’™" ) : : :
linking one solar cycle with the next. One method §P1 improves with the baseline separation for trian-

disentangling these different components of variagulation. Other techniques have recently become
ity is to construct models that relate independe%‘fa'lable for burster source localization, however, and
observations (for example, sunspot area) to the irfalS Nt clear that this is a high-priority item any

diance variations. The lack of data from above Gn9er. There is considerable technical heritage for
around the solar limbs reduces the accuracy of thée?ﬁ" high-energy instruments in deep space, starting

models and, thus, limits the study of the mechanish{d" the Vela program and currently on Ulysses. An
of solar variability. Broad-band irradiance measurgliective hard X-ray angray spectrophotometer for

ments can be carried out with minimal resource de> | EREO platform would require modest resources.

mands, and such measurements can also be usega{%rt Obiect

seismic observations if specialized instruments aré Jects

not available. Unique studies of faint sources in the sky other than
heliospheric plasmas can be undertaken with the

Stereoscopic observations represent an import8MEREO coronagraphs and heliosphere imager:

next step in solar irradiance measurements. Instru-

ments from SOHO and other deep-space missionsZodiacal light. The imagers can help determine

provide some technical heritag€otal irradiance the dust distribution in the inner heliosphere.
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» Asteroids. It is estimated that a heliospherd@he effective depth resolution depends on the sepa-
imager will discover between 10 and 100 asteroidgion between STEREO #1 and STEREO #2 and
per year with radii greater than 12 m. the 2-D resolution of the imager. In the first year of

« Comets. Images of comets and of the distributiof® mission, the separation will dwell at®>80 if
of dust down to the level of the zodiacal clougl€ imager has 2000-km resolution in the plane of
brightness will provide fundamental informatiofhe sky, it will have 2600-km depth resolution.

about the dust replenishment of the zodiacal C|0lﬂjﬂs.e of Triangulation to Determine the 3-D
. . iangulati i -
. ~ 0 - 3

Stars. Stellar light curves with ~0.1% photo Coordinates of Coronal Eeatures

metric precision and 1-day time resolution can

be obtained for the $®rightest stars. It has not been generally appreciated that quantita-
tive information on the 3-D magnetic fields can be

3. Making the Best Use of STEREO found by using triangulation on coronal loops and
other features. Using classic surveying techniques,

Images the coordinates in three dimensions of a coronal fea-

ture can be determined from only two views as long
Determining the 3-D Structure and as (a) one knows the stereo separation angle and
Dynamics of the Corona spacecraft distances and directions to the Sun and

The coronal plasma radiates strongly in X-rays aff}) one can recognize the feature in both images.
EUV. These emissions are sensitive to both plasf@ndition (b) can be a serious limitation in studies
density and temperature, making them a powerﬂﬂdiffuse features or features in crowded fields, in a
diagnostic of the coronal plasma. Moreover, becatgede active region, for example. Over the course of
the plasma follows the magnetic field lines in treyear of observations, however, the Sun will present
low corona, imaging in X-rays and EUV directlynany opportunities to study a wide range of coronal
shows the structure of the magnetic field lines witgatures under near-ideal conditions.

hot plasma. Thus, stereoscopic observations of the | . _ . .
corona in X-rays and EUV can be used to determih€ triangulation technique for a simple case is

the 3-D structure and dynamics of the coronal plasifWn schematically in Figure 14, where it is as-
and magnetic fields. sumed that both views are from the equatorial plane

of the Sun. In this figure, the coordinates in the plane

Resolving Line-of-Sight Ambiguities with of the sky of the two views with stereo anglare
Stereo Observations related by the simple rotational transform

Coronal loops are not in general isolated. Other struc-
tures often lie along the line of sight, either in front
of or behind the structure of interest, causing a “back-
ground” problem. Many Yohkoh images show loops

apparently interacting with adjacent loops. Witho%e triangulation calculation from a pair of points

flhstere%_we_\;v, hcf)wer\l/ etrh I |fhno;[3p_0ﬁt5|bl_e to refs?rlthhe stereo images can be done by determining the

€ ambiguity ot whether the Brightenings ot &, dinate transformation between the telescopes and
I_oops are a resglt of summing m_tensm_es along t Glar coordinate systems so that the rays from the
line of sight or if the loops physically interact. | oints in the images can be traced back to the Sun. If

some eruptive event scgnarios, t.he energy relea fidfe were no errors, the two points on the same fea-
triggered by the interaction of neighboring flux sy, .« in two images would map to a single point in

tems, but a close neighbor in a 2-D view may l% lar coordinates. However, errors are introduced by

quite distant when the third dimension is con5|derq e manual tiepointing (joint feature identification)

Stereoscopic obse_rva_lt!ons_ of the X'ray’ EUV_coro elf. Therefore, what is actually computed is the point
can resolve ambiguities in the interpretation f

h in th | struct closest approach (in solar coordinates) of the two
changes In the coronal structure. rays traced back toward the Sun from the points on

0 cosa Sina 0
T(a) = g—Sina cosa 0. 2
% 0 0O O )
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Figure 15. Test of determination of 3-D loop

geometry: known loopsThe test stereo image pair was

created by viewing the known loops from two angles

separated by 18. The (x,y,2 location of points (crosses)

Coordinates of two views related by simple determined by triangulation from the stereo pair are

rotational transform plotted over the known test loops (solid curves). The
x=xcosarysina agreement is excellent.

Coronal loop viewed from two angles separated by o

y=y’cosa-x’'sina

z=7 and planetary surface imagingeveral fields have
Given y,y', Solve for x,x’ long had the benefit of stereo data, and some of their
y-ycosa developed analysis techniques can probably be car-
*=sina ried over to space physics. One example is automatic

Figure 14. Determination of 3-D loop geometry from f_eature tEaCkl?lg |r], \.Nh'Ch p?ttherr_ls within many sec-
two views via triangulation. Since both views of the tIONS, OF “patches,” in one of the images are searched

loop are from the solar equatorial plane, the for and identified automatically in the other image.
coordinates are related by a simple rotational In contrast to the manual method described above,
transform that can be inverted to give the 3-D solar the relative offsets of matching points are computed
coordinates of the loop as shown. with cross correlations, usually to subpixel accuracy.
Then, using ray intersection techniques, a sophisti-
cated algorithm determines the coordinates for con-
the image pair. The location of the feature is then taiggiate points in the two images in three dimensions.

to be midway between the rays at closest approactYhile this is a standard technique in producing digi-
tal terrain models, much development remains be-

The triangulation technique was tested on simulatéate we will understand its full potential and limita-
STEREO observations of well-defined logpste- tions in interpreting the optically thin features of the
reo image pair was created by viewing the loops fraarona.

two angles separated by°1&ee Figure 15). Also

shown in Figure 15 are thg,y,2 location of points Use of Magnetic Field Models in Conjunction
(crosses) determined by triangulation from the stef@8h X-ray and EUV Observations

pair plotted over the input test loops (solid curveg)he yse of magnetic field models with magnetograms
The agreement between the input loops and the dipplying the photospheric boundary conditions will

ferred loops is excellent. When the same feature ¢#Batly enhance the information obtained from

be located in a time sequence of stereo pairs, one §gEREO X-ray and EUV observations. Simulta-

also determine the 3-D velocity of the feature and,igous stereo observations will allow a much better
this way, obtain information on loop expansion rat§gentification between features in the magnetic model
and features in the observations. Loops and other
features that have been determined by triangulation
We recommend that studies be undertaken of stezan also be compared to features in the 3-D mag-
analysis techniques used in other fields, such as Eanttic field model. If a correspondence between the
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model and observed features can be made, the nlagm a time series of STEREO images and mag-
netic field model can be tested. netic models, a complete 4-D (three spatial dimen-

sion plus time) model of coronal features can be built.
Once a magnetic field model has been validated, figidthis way,the STEREO observations can be used

lines from the model form a skeleton to which emifp determine the magnetic field evolution that ac-
ting plasma can be attached to create a 3-D modet@panies solar eruptions.

the corona. For whatever plasma model is chosen,
the integrated line-of-sight emission calculated froMagnetic-Field-Constrained Tomographic
the 3-D coronal model (field plus plasma) must agré&construction of the Corona
with the X-ray and EUV observations from botfomography can be used to directly determine the
viewpoints. Figure 16 shows results from such a3-D structure of the optically thin corona if one has
D corona model using an iterative technique to d@&any viewing angles. STEREO will provide images
termine the spatial distribution of emissivity. In thffom only two angles. However, it is possible to make
figure, both the original Yohkoh/SXT view of a looa tomographic-like reconstruction of the corona from
complex and an image rendered from the 3-D modglly two views by assuming a magnetic field con-
are shown. The model is viewed from the same anfiturationa priori. In this approach, the spatial dis-
as the original SXT image. tribution of coronal emissivity is determined by
constraining the stereo reconstruction with a 3-D
The comparison in Figure 16 shows clearly that th@agnetic field model. The technique is a modification
magnetic models need to be improved and that ve@pkhe multiplicative algebraic reconstruction tech-
magnetic field measurements will probably bgique. In it, the constraint is applied by assuming
needed to achieve convincing representations of gkt emitting plasma only exists within a loose vol-
servations. These enhancements will be availal@e defined by the magnetic field model. Figure 17
from Solar-B and the National Solar Observatofyystrates the technique and shows results of a tomo-
SOLIS magnetographs. graphic reconstruction both with and without a

Rendering Solar Magnetic Flux Tubeg

«.

Yohkoh /SXT Image Synthesized SXT Image

Figure 16. Yohkoh/SXT image and rendered image from 3-D magnetic-field-based model of an active region.
The model assumes a potential magnetic field in the region. The 3-D model was rendered into the image on the
right by computing the integrated line-of-sight emissivity.
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magnetic field constraint. The top panel of Figure 1/ifews of the result from a tomographic reconstruc-
shows the original test loops on the left and the mdign of the test loops obtainedthout applying the
netic field constraint to be applied on the right (viewedagnetic field constraint. The bottom panel shows the
from a second angle). The middle panel shows twesult from the tomographic reconstructieith the
magnetic field constraint appliethe magnetic-field-
constrained tomographic reconstruction has repro-
duced the original loops with very little smearing com-
pared to the unconstrained reconstruction.

Visual Evaluation of Stereo Images

Human beings are equipped with an exquisite com-
puter that quickly evaluates stereo image pairs and
develops an intense image in three dimensions. Just
viewing stereo image pairs and time sequences of
stereo pairs will provide valuable insights on the
structure and dynamics of the phenomena we seek
to understand. Examination of image pairs with ste-
reo viewers may be enough to eliminate some mod-
els. For example, models of CME initiation involv-
ing buoyancy require that there be a cavity, but the
absence of a cavity in a single image may be due to
a line-of-sight effect. However, if stereo observations
show some CME initiations with no cavity, buoy-
ancy models can be eliminated.

To gain an impression of what can be gained from
direct examination of stereo images, we have sub-
stituted sequential images for true angular separa-
tion of viewpoints. Figure 18hows a simulated soft
X-ray stereo image pair created from two Yokhoh/
SXT images taken 6 hours apart. Solar rotation shifts

Figure 17. Magnetic-field-constrained tomographic
reconstruction. (Top left) Original simulated X-ray
loops. (Top right) The envelope is the magnetic field
constraint applied. The view here is orthogonal to that
on the left. (Middle left and right) Two views of the
tomographic reconstruction of the simulated loops
from a simulated pair of stereo X-ray images (28°
separation angle) with no magnetic field constraint;
the white arrow head points to the more badly smeared
loop. (Bottom left and right) Reconstruction from the
same image pair but with the added constraint that
the loops are within the loose magnetic envelope showrfFigure 18. Simulated stereo pair of soft X-ray images

in the top right frame. The magnetic-field-constrained of the corona.The Yohkoh/SXT image on the left was
tomographic reconstruction has reproduced the taken on 27 April 1992 at 23:16 and the other about 6
original loops with little smearing (considerably less hours earlier. Some features can be seen in both images
than the range of the envelope), illustrating the while others are unrecognizable due to temporal
importance of usinga priori knowledge of the magnetic changes. These images may be viewed as a stereo pair
field. by relaxing your eye focus or using a stereo viewer.
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the effective viewpoint 13per day. The simulated Commercial TV relays

angular separation in Figure 18 is then°3s® the = Communication satellite systems

viewer has a leverage on 3-D structures on the Suisatellite reconnaissance and remote-sensing
similar to that achieved by examining something systems

about 130 cm away. Geophysical exploration and pipeline operations

Submarine detection
Attempts to use such rotational synthesis to build apower distribution

3-D picture of the active corona are defeated by the| ong-line telephone systems
constantly changing active regiorsven larger-scale  Manned space program
and longer-lived structures such as polar streamersterplanetary satellite experiments

and quiet-Sun arcades are impossible to deconvolve/LF navigation systems (OMEGA, loran, etc.)
because of slow evolution in brightness, shape, an®ver-the-horizon radar

size. Only simultaneous images can give an accuSolar-terrestrial research and applications
rate impression of coronal structure. satellites

) . Satellite orbit prediction
On the back cover of this report is an anaglyph (angg|ioon and rocket experiments
image in relief) constructed from two EIT images. lonospheric rocket experiments

with a red filter over the left eye and a blue one over

the right eye. Examination of the back cover imaggasa should not ignore the needs of space weather
brings out the dark veins in the corona, and one g§idgrs.Of course, STEREO will greatly accelerate
an especially clear impression of the extent of a cofRa development of reliable forecast techniques.
nal-emission-absorbing prominence that is near §¢EREQ data can be helpful almost from the first
northwest limb. Figure 18 suggests that the poghy of the mission. However, if STEREO data are to
CME coronal arcade in the upper right quadrant 9§ ;sed operationally in forecasting space weather,
the Sun is extraordinarily high—higher than anyey must be availabie in real time and the STEREO
other feature. Whether any physical insight can §acecraft must be monitored continuously. This is
galned from §uch simulated stereo observa_tlons Hatside the scope of a NASA research mission, but
ing solar rotation depends on the features being stafigre could be a clear delineation of responsibility
but it is clear thasubstantial insight can be gaine¢yetween NOAA and NASA, with NASA being re-
from visual examination of the true stereo pairs thghonsiple for collecting and transmitting the science
STEREO telescopes will produce data and NOAA being responsible for real-time
tracking and forecasting, much as is done with the
real-time solar wind data from ACE.

Besides the scientific reasons for studying the Sun _ . ) .

and heliosphere, there is a practical reason. Sdhough it would be impractical to transmit full-up
activity influences our lives. In our era of heavy spagd EREO science data continuously, STEREO could
utilization, many more solar-terrestrial-related pro#&n Earth of either coronal or interplanetary con-
lems occur than are commonly publicized or admfitions indicative of impending disturbancésnet-

ted, especially in telecommunications and defen¥grk of modest antennas could detect the alert and

satellites. Enterprises known to be affected are €Ven trigger real-time tracking of the spacecraft by
the Deep Space Net to gain additional information

4. Space Weather

Cellular telephone service and possibly lead to continuous monitoring of events
Weather satellite operation during critical manned space activities, for example.

Fusion and carbon dating experiments ] ]

Global Positioning System (GPS) Solar Energetic Particles (SEPs)

Ozone measurement program In this era when man is always present in space, it is
Commercial airlines vital to improve our ability to forecast the energetic
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proton events that can present a radiation riskTtbis represents an example where the well-connected
astronauts. In the immediate future, there is a nedaserver can provide several days’ warning of a par-
for warnings and short-term forecasts that might bele event that will eventually affect observers to the
used in scheduling astronaut extravehicular activityest.

The energetic particle flux at Earth depends crith the long term, as NASA considers manned
cally on how Earth is connected to the accelerationssions to the Moon and/or Mars, it will be impor-
site at the shock. The degree of connection damt to forecast SEP events as much as 2 weeks in
change quickly as the shock moves outward. Figaavance. Such forecasts will require new approaches
19 shows typical time-intensity profiles for observergith improved accuracyl'he observations to be
viewing a large CME-driven shock from threearried out on STEREO will provide the first test of
longitudes. The observer seeing a western evenivigat can be achieved with a future network of space
well connected early and sees a rapid rise and deather stations, and they will provide the database,
cline, while the observer seeing an eastern evengxperience, and insight on which planning for such
poorly connected until after the local shock passeapabilities can be based.
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Figure 19. Longitudinal dependence of particles from CME-driven shocks. Typical intensity-time profiles for
protons of three different energies as seen by observers viewing a large CME-driven shock from three different
longitudes. The observer seeing a “western” event (left panel) is well-connected to the nose of the shock early
on and sees a rapid rise and decline. The observer near central meridian is well-connected until the shock
passes, and thus sees a flat profile. The observer viewing an “eastern” event is poorly connected until after the
shock passes; it is not until then that he is connected to the nose of the shock. With a network of spacecraft at
such locations it is possible to study the accelerated particle spectra and composition as the shock moves out
into the heliosphere, to measure the plasma and magnetic field properties of the shatlsitu, and to develop

the necessary databases, understanding, and tools that can ultimately lead to a predictive capability.
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CMEs and Space Weather Forecasts

Virtually all transient shock wave disturbanc
in the solar wind observed near Earth are dri
by CMEs. In addition, the largest SEP ever
the so-called gradual events, appear to be a
sequence of particle acceleration occurring
the vicinity of strong CME-driven shocks
Finally, all of the largest (Kp > 7—) nonrecu

s

4

stream necessary to sharpen the warning and maxi-
mize its utility.

S A “beacon” mode of operation can be particularly
CMuseful in warning of dangerous solar particle activ-
S, ity. For example, a microprocessor could make real-
Mime classifications of gradual or impulsive events
'Mpased on the measured particle composition and other

characteristics. The microprocessor would also
" determine the maximum particle flux, rate of rise,

rent geomagnetic storms are caused by CME
driven solar wind disturbances impactirrg
an

Earth’'s magnetosphere. On the other h

about two-thirds of all CMEs do not produ
shock disturbances in the ambient wind n
1 AU, an even larger fraction do not produ
gradual particle events in interplanetary sp

and about five out of six CMEs directed Ear
ward do not produce large geomagnetic sto
(Kp > 7-). Present evidence suggests that C
speed, in particular speed relative to the an
ent wind ahead, is a key factor in a CME
ability to produce these phenomena. Howe

other factors, such as the mass and size of
CME, the strength and orientation of the ma
netic field within both the CME and the aml

N
"
a

w

ent wind, the location of the observer (or Earth)

relative to the disturbance center, and the av
ability of various particle seed populations f
acceleration, enter into the disturbance eq
tion as well.lt is not currently known which
attributes of the CME/ambient wind combin
tion are most influential in producing large sho
wave, energetic particle, and geomagnetic ¢
turbanceslin addition, we do not yet know ho
to translate observations of the ambient wi
and CME characteristics close to the Sun i
accurate predictions of effects at Earth.

‘proton and helium energy spectra, and elemental
composition. If these parameters exceed pre-
‘d’determined threshold levels, an alert could be sent
Zrto Earth.

€ If suitably designed, STEREO will provide a real-

F€time capability for warning of Earthward-directed

- CMEs. For example, if an onboard microprocessor
Sdentifies a coronal transient, significant particle
Efluxes, or a strong interplanetary shock, an alert could
I"be sent to Earth at a low bit rate. The immediate alert

S will need to provide positive identification of CME
Ilaunch time and direction. Estimates of speed, mass,

th@nd relation to structures in the lower atmosphere
" (to provide an idea of the magnetic content of the

- CME) would be desirable but perhaps too difficult

) to include in a simple algorithm. Most likely, pre-
II'Iiminary values will have to be derived from the first

I' few images sent down, and more accurate ones would

follow from analysis of the full series of event images.

- The immediate alert algorithm will presumably be

k based on some form of image differencing scheme.

S-Detection of change beyond some threshold value
will be required but, in addition, it will be necessary

dto judge whether the motion is, in fact, toward Earth.

t0The fastest CMEs travel approximatelyR§,, per

hour, so the underlying image cadence needs to be

The STEREO Beacon

Space Weather Forecast Data
Successful integration of STEREO into the nati

quick enough to catch these events before they pass
entirely out of the field of view.

It is important that the false alarm rate of the imme-
diate alerts be kept low lest their utility be compro-
onalised. This will be no trivial task, since the detec-

space weather forecast effort hinges on the impl@n scheme will have to be run in real time and

mentation of simple but robust onboard processiagtonomously. These difficulties are compounded by
schemes to automatically identify events of intereghg desire to track as far from the Sun as possible (to
broadcast an alert, and trigger the transmission dfei the best estimate of CME properties and arrival

pre-stored, high-cadence image and ancillary

d#éitae), out where accurate subtraction of the F-corona
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becomes an issue. In addition, although the fastéata storage capacity would be sized at about 10 to
and most energetic CMEs are generally associaB®dGbits. This does not cause a large mass or cost
with the most dramatic geomagnetic disturbancggnalty because 10- to 20-Gbit erasable disk mass
some CMEs that start out slow and unimpressive caemory devices weighing about 5 kg are now avail-
also be geoeffective. For these reasansgffective able. Data would be recorded at a much higher ca-
forecast scheme will have to rely heavily on the idence than 1 Gbit per day. Scientists would deter-
struments that can track CMEs to 1 AU mine which portions of the data should be down-
linked and which portions should be marked for
STEREO could improve upon predictions of SERgletion. This information would be uplinked to the
from X-ray observations provided directional infeispacecraft during the daily uplink/downlink period.
ences can be drawn in real time. That is, if STEREShce the data could remain on the recorder for
in the beacon mode can distinguish the locationg¥veral days before being downlinked, this strategy

the parent X-ray flare, it could at the very least s@n be implemented within a low-cost 40-hour/week
out sources too far removed from the Earth—Sun liggssion operations schedule.

to be effective (thereby reducing false alarms), and
it might be able in a statistical sense to narrow tpe
probabilities of the prediction by virtue of the morée”

accurate locations. STEREO must lead to a depth of understanding of

o _ solar activity that is incisive enough to predict solar
The value of the STEREO mission in pioneering ad ntions and their effects throughout the helio-

developing the use of deep space monitors at lalg@ere To accomplish this, each STEREO space-
angles to the Sun—Earth line cannot be overempRgs myst carry a cluster of state-of-the-art telescopes

sized.The work here is truly exploratory, since alanq environmental sensors. Images from STEREO's
though we now have some idea of what is involggl, - telescopes will be combined with solar

in gathering observations relevant to space weathel, o netograms and other data from ground-based or
applications, the full scope of what is required g8y h_orhiting observatories to document in detail
only be determined by direct experience. both the buildup of magnetic energy and CME
liftoffs. Other STEREO telescopes will track CMEs
and their shocks through interplanetary space.
In addition to modern data compression strategi®aboard sensors will sample particles accelerated
(see Appendix 1), the STEREO mission can usebg the shocks as well as the disturbed plasmas and
unique new strategy for maximizing the data retumagnetic fields themselves.
by taking advantage of the beacon mode and of si-
multaneous observations from Earth-orbiting aivle recommend that the STEREO mission consist
ground-based solar observatories. The concept iotdwo identically instrumented Sun-pointed space-
store much more imaging data on board than canchaft at 1 AU. The spacecraft should slowly drift away
downlinked; data from periods of interest are théfom Earth, so that after 2 years, STEREO #1 will
selectively downlinked. Using this strategy, verggad Earth by 45and STEREO #2 will lag by 80
high-cadence data on the initiation and explosifch spacecraft will generate at least 250 images
phases of CMEs or other eruptive events can [ day plusn situ magnetic field and particle data.
obtained. This data strategy requires that missibhe solar images should be simultaneblis. Sci-
operations include scientists monitoring the data pence data should be transmitted once a day, and both
vided by other observatories and by the STEREDacecraft should provide real-time alerts (beacon
beacon. mode). When needed, a quick response by the Deep
Space Network (DSN) to an alert of especially im-
To implement this strategy on a STEREO missigiortant or dangerous events could provide details on
with a downlink of about 1 Gbit per day, the onboagarth-bound CMEs.

Mission Overview

Maximizing the Science Return
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As described in Appendix I, the two spacecraft céime loss of the stereoscopic mission. As our study
be launched in 2003 either separately by Taummade clearthe scientific value of another single-
rockets or together by a Delta rocket. Solar amgtwpoint mission is dramatically lower than for a
interplanetary instruments on and near Earth willission with stereoscopic capability.

provide a third vantage point from which to study

the Sun and heliosphere together with the STEREQe mission is divided into four phases, as described
spacecraft. Solar-B will be launched in 2004. ThekeSection 6 of this report. Primary science operations
will be improved ground-based telescopes, and thigl occupy the first 2 years. The goal for total mis-
NOAA GOES satellites will carry solar X-ray im-sion lifetime is 5 years. The schedule, with a launch
agers. It is possible that the Solar and Heliospheficz003, is based on the Solar Terrestrial Probe stra-
Observatory (SOHO), WIND, and the Advancei@gic plan developed for the Sun-Earth Connection
Composition Explorer (ACE) will be operating stillRoadmapThe scientific program does not depend
although those programs are expected to end 88-the phase of the solar cycle because CMEs and
fore 2003. The Yohkoh satellite, with its outstandhe other phenomena to be studied are common to
ing X-ray telescopes, will reenter the atmosphe?¥ phases of the cycle.

in 2002. . S , , .
To achieve the scientific goals outlined in Section 2

We have defined a STEREO mission that will detedf this report, the STEREO instruments must reflect
mine the origins and propagation of solar activigtate-of-the-art technology and achieve quite high
that affects Earth. We assumed that only a netw@ikatial and temporal resolution. The technology to
of ground-based observatories and the Solar Terr@ghieve the STEREO goals is available now, but
trial Probes will be available to provide synergistiénplementing it within the cost guidelines for Solar
data. We particularly considered the possibility thaerrestrial Probes will be a challenge. We believe
SOHO could serve as one of the STEREO eyestbg measurement objectives summarized in Table 2
space. We decided against relying on SOHO beca@g necessary and sufficient to achieve the science
if it should fail during the years leading up to laundPals. A preliminary cost study (Appendix I) carried
or shortly after, reliance on SOHO would result iput at the Goddard Space Flight Center indicates that

Table 2. STEREO measurement objectives.

Feature Size Resolved

Phenomenon (and/or Timestep) Physical Properties
CMESs near Sun 40,000 km = Density, velocity, internal structure, extent
2% 107* AU (6 min)
Flares 2,000 km Position, density, structure
Moreton waves 5,000 km Wave front shape, velocity, underlying
(1 min) magnetic field
Coronal loops 2,000 km Temperature, density, structure, deflection
by waves
Coronal streamers 40,000 km Distortion by CMEs, extent
Coronal holes 2,000 km Footprint, spreading
SEPs 2 min 3-D distribution function
CMEs near Earth 0.01 AU (images) Magnetic field, density, velocity, shape,
(plasma) 1 min extent, temperature
Interplanetary shocks 0.02 AU (5 s) Extent, velocity, strength
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the measurement objectives can be achieved witAmdetailed near the end of Section 2, there are many

those cost guidelines. interesting and important investigations, beyond
those baselined, that can be carried out from the

As detailed in Appendix |, the STEREO mission C&TEREO platforms. The principal restriction on

be implemented with a mission cost (phase C/D)aided investigations is the Solar Terrestrial Probe

the $120M (FY97 dollar) cap for Solar Terrestriaddost cap. Hencéstruments provided by non-NASA-

Probes. Costs can be minimized by a deft executiipported institutions may be included to strengthen

of phase C/D, which, according to the study, lastse overall science program

only 32 months, and by early selection of an instru-

ment team.

What is the Optimum Angular
Spacing Between the Two Spacecraft?

There is no single angular spacing that is best Figure 20), so that the angles between the space-
for all instruments and science goals. The coro- craft and the Sun—Earth line increase gradually
nagraphs effectively detect only the corona with dwells at selected angles (see Appengdix
within £60° of the plane of the sky. This im- ). STEREO #1, leading Earth, will dwell near
plies that for triangulation on CMEs aimed at  20° between 200 and 400 days into the njis-
Earth, the spacecraft should be at lea%tpart. sion, and near 4%etween 600 and 800 days.
Other CMEs will be detectable by both coro- STEREO #2, lagging Earth, will dwell near’3Q
nagraphs for spacecraft separations ranging and 60, respectively. After this period, the two
between 0 and 120. On the other hand, it is spacecraft will move to larger angles and focus
best to have the high-resolution chromosphere on support of other Solar Terrestrial Probe missions.

and low corona imagers separated by oni-15
60° so that features can be identified in the im-
ages from both spacecraft. Triangulation on
shock fronts with the radio receivers is likely to
be most accurate when the spacecraft are sepa-
rated by ~60. If ACE or WIND or other near-
Earth spacecraft are not available, then a STE
REO spacecraft near Earth would be desirable
to monitor the fields and particles input to the
magnetosphere. The Science Definition Team’s
solution is the four-phase plan, which focuses
on different mission objectives at different
times. Thus, we recommend that the two space-
craft be launched into slightly elliptical orbits
at 1 AU, one leading Earth and one lagging (see

Earth

Figure 20. Position of the STEREO spacecraft afte
about 1 year. STEREO #1, leading Earth, can se
around the west limb; STEREQO #2, lagging Earth

can see around the east limb.
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6. Phases of the STEREO Mission the development of CMEs and their shocks as they

. . : . propagate to Earth, where the Magnetospheric
'I_'he studied STEREO mission will have_ foqr_ d'%l ltiscale and Global Electrodynamics missions will
tinct phases corresponding to different scientific a

) o asure their geoeffectiveness.
practical applications of the data and to the angle g

separating the two spacecraft. At this phase of the STEREO mission, the space-
_ craft will have nearly a 360view of the Sun, allow-
Phase 1:The 3-D Strucgure of the Corona ing the longitudinal extent of CMEs and other activ-
(first 400 days, o <507 ity to be determined. There have been tantalizing
While the angular separati@nis small and the sat-suggestions from Yohkoh soft X-ray images and from
ellites are close to Earth, telemetry is hardly rdie SOHO/LASCO experiment that CMEs can
stricted, and the STEREO satellite configuration ssretch over more than 186f longitude. STEREO
optimum for making rapid-cadence high-resolutionill not only test this suggestion but will also pro-
3-D images of coronal structures. The coronal imide global maps of the coronal structures that par-
agers will be able, for the first time, to unambiguicipate in the activity.

ously determine the important physical properties of

coronal loops and to determine whether coronal loGpase 4. Global Solar Evolution and Space
interactions include reconnection. Stereoscopic iMeather (after day 1100, « > 180°)

age pairs and sequences will capture the 3-D Sti\fre the separation of each STEREO spacecraft
ture of the corona before, during, and after CMEgom the Sun—Earth line becomes greater than 90
They will also allow us to delineate the subtle swelkyents on the far side of the Sun that launch particles
ing and the sigmoid features that often foreshadgyyyard Earth will be visible for the first time. Active
CME onset. Solar-B will be able to show thggions can be tracked and studied for their eruptive
corresponding magnetic developments in the phofpsiential from their emergence, wherever it occurs
sphere. The period when the STEREO spacecraftgg&he Sun. The results will have a tremendous im-
close together will also be used to intercalibrate tBﬁct on our ability to anticipate changes in solar ac-

instruments. tivity and to predict changes in space weather con-
] . ditions. Such a predictive capability is vital if we are

Phase 20 The PhySIoCS of CMEs (days 400 to to build permanent lunar bases or send astronauts to

800, 50°<a <110°) Mars

As the two spacecraft drift farther apart, they become _

ideally placed to triangulate on CMEs to determingé Observational Approach

their true dimensions and trajectory. These will ksed on our study of the scientific potential of a
breakthrough measurements. Further, each space&#ftREO mission, as described in Section 2, and on
will be able to image CMEs directed toward the othghe practical limitations, as described in Appendix I,
Detectors on each spacecraft will measure the Mg recommend that the baseline instrument comple-
netic field and plasma properties of CMEs trackgflent for each of the two STEREO spacecraft con-

by the other spacecraft, thereby linking the charagst of seven instruments as summarized below.
teristics of a CME (composition, magnetic field ori-

entation, density, and velocity at 1 AU) with its launch Chromosphere and low corona imagean
and propagation parameters (size, velocity, and extreme ultraviolet (EUV) and/or X-ray telescope

source region characteristics). that images Rg;nt0 1.5Rsun
» Coronagraph:a white-light coronagraph that
Phase 3: Earth-Directed CMEs (days 800 to images 1.9Rg,,t0 30Rg,,

1100, 110°<s o < 180°) * Radio burst trackera radio receiver that tracks

In Phase 3, the viewing angles become ideal for ob- shocks from the outer corona to beyond Earth
serving CMEs aimed at Earth. The coronagraphs, Heliosphere imagem visible-light telescope that
heliosphere imagers, and radio receivers will track images 3(Rg,,to beyond Earth
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* Solar wind analyzera plasma analyzer thabf the Doppler velocity for each pixel. The instru-
samples CME and ambient plasmas at 1 AU ment should be able to measure velocities in the range

« Magnetometera sensor that detects magnetRf 10 to 3000 km/s. The spatial resolution should be
fields inside and outside CMEs at least 3 arcsec, or 2000 km on the Sun.

* Solar energetic particle detectodetectors of C

prompt and delayed electrons and ions from Olfronagraph
to 50 MeV The white-light coronagraph should be capable of

All the instruments needed for accomplishing tRPServing the current sheet, streamers, CMEs,
STEREO objectives can be built with available tecpifé@mer blow offs, and the acceleration of inhomo-
nology. In some cases, instruments essentially idélEneities in the solar wind from ~1g,t0 ~5Rsun

tical to previously flown instruments will meet thé* Substantially larger field of view, to at least 30
objectives and mission constraints. In other casBeun 1S importantfor studying the three-dimensional
some customizing will be needed. The instrumeﬁfucwre of streamers, the evolution and ac<_:e|era-
descriptions given below are intended to demonstrf1 Of streamer blow offs, and the acceleration of
that there is at least one well-established approddiomogeneities in the solar wind.

to each of the baseline instruments. The actual SFO'verage of the corona from about R, to 30
. . { N
REO instruments will be selected through a CorI‘-%Sunwill likely require two channels if conventional

petltlve FEVIEW process, ample nstrument desc.np-externally occulted designs are used. The detector
tions here are not intended in any way to restrict ﬂﬁe

. 4 . format should be 1024 1024 or better and the dy-
possible approaches, nor do we intend by our “Stﬁ%mic range must be better thaft iforder to track
preclude consideration of other instruments, such gas . . .
a magnetograptsee Appendix ll). We believe, how- e two orders of magnitude change in the signal and

9 grap APD ' ’ bﬁlckground while detecting the ~1% contrast of coro-
ever, that the baseline instrument complement wi

o . L nal features against the background.
meet the mission science objectives.

Certain aspects of the coronagraph design peculiar
to the specific objectives of the STEREO mission
This telescope should be able to obtain images imaist be carefully considered. The usual background
least one coronal and one chromospheric emissiigiit rejection limitations affecting the determina-
line. The EIT multilayer normal-incidence extremeion of the field of view of an externally occulted
ultraviolet telescope on SOHO, for example, provideghite-light coronagraph designed for the inner co-
the kind of images needed. However, STEREGrsna is complicated by the orbit eccentricity, the sepa-
focus on solar activity will require a much highetation angle of the two spacecraft, and the spatial
cadence of observations than EIT provides. The iresolution function in the inner field of view. While
ages should show solar prominences and corotil orbital eccentricity affects the apparent diameter
loops and other coronal structures from the baseoffthe Sun, and hence the occulter inner cuRpff

the corona to 1.Rg,, by a relatively small (~10%) amount, its effect on

. the background light rejection can be very pro-
The capabilities of the chromosphere and low cgounced.

rona emission-line imager should include tunability,

so that Doppler shifts can be measured. One approgiab spacecraft separation significantly affects the co-
studied at the NASA Goddard Space Flight Centelvserved field of view for separation angles above
would include two mirrors, multilayer-coated to havabout 30. A feature observed in the plane of the sky
a peak reflectivity chosen to observe He 11 304 A ahd an altitudé by one coronagraph will be co-ob-
301 and 307 A. Each of the two mirrors would forsserved by the second coronagraph onty*fR; sec
images of the Sun on the same area of the detecipiwherea is the spacecraft separation or stereo
A movable shutter could switch between the twangle. The science objectives of STEREO indicate
multilayer passbands. The difference in intensiiy ~ 1.5Rg,,is desirable. The co-observeis 1.55
between the two images would provide a measiRg,, 1.73Rg,, 2.12R,,, and 3.00Rg,,for 15, 3C,

Chromosphere and Low Corona Imager
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45°, and 60, respectively. The effects at the outehis is a “half-sky” camera, although it covers nearly
field of view cutoff,R,, scale similarly. Using stan-all the path traveled by material going from the Sun
dard design methods, a coronagraph Wil 1.5 to beyond Earth. A hemispherical imager with a
Rsun could be expected to hat® ~ 5-6Rs,, The multi-element light baffle, a wide-angle optical sys-
coronagraph spatial resolution function, due to ttem, and a CCD camera has been designed and its
varying obstruction of the entrance aperture by themponents have been tested. The baffle works like
external occulter with changing altitude, is asymmaegt-coronagraphic external occulter and consists of five
ric and deteriorates rapidly neRj. The SOHO/ knife-edge walls spaced about 1 cm from one an-
LASCO/C2 coronagraph with & of about 1.9%,,, other, with each wall top placed in the shadow of its
has a nominal spatial resolution of about 8 arcsemakt outer neighbor. The optical system further re-
6 Rsyn but only about 110 arcsec byrg,, The ef- duces background-light contamination, down to be-
fects that the low and radially varying resolutiolow the equivalent of one 10th magnitude star per
function will have on three-dimensional image resquare degree. This optical system consists of a tor-
construction in the inner corona must be carefulbydal mirror enclosing a simple thick lens, which

examined. maps the sky onto the CCD photometer; it is the
equivalent of a “fish-eye lens,” but without a pro-
Radio Burst Tracker truding glass element that can intercept stray light

The STEREO spacecraft should carry two identical°>>""d OVeT the edge of the baffle.

radio receivers so that triangulation of golar evends, .- wind Plasma Analyzer

can become routine rather than fortuitous as for

Wind-Ulysses. A simple receiver like that to be flowhhe solar wind plasma analyzer should measure the
on Cassini connected to a triaxial antenna systéfgtribution functions (to provide density, vector ve-
also similar to (but simpler than) that being flowl9City, temperature, and anisotropy) of ions and elec-
on Cassini can track solar radio disturbances to witiins over the energy ranges of 300-8000 eV (for
+1° from 1 to 2Rg,nto 1 AU. The correspondingPositive ions) and 1-1000 eV (for electrons). The
radio frequency range is ~15 MHz to ~30 kHz. mqun’ed time resolution is a few minutes.

key scientific objective for the radio burst tracker is ) .
to triangulate on radio emission from shock-accét€ approach to the solar wind plasma analyzer is
erated particles, 20 MHz to 30 kHz sweep, witha! i0n-€lectron spectrometer comprising two top-hat

few seconds'time resolution. This should effectivefmidal electrostatic analyzers that share a common

allow tracking of the location of particle accelerdCllimator and steering lens. This design allows si-
tion sites through interplanetary medium multaneous measurement of electrons and ions with

an overall reduction of mass and volume over two
discrete instruments. With no potential placed on the
steering lenses, the analyzer provides up t6 f3€ld
The heliosphere imagers should have 100 times tH&iew in the plane perpendicular to the axis of sym-
spatial resolution of those on Helios and a cadenvetry through the entrance aperture. By placing a
of about one image pair per hour. These capabilitigatential across the steering lens, the field of view
will be adequate to map the solar wind and CMEscftthe instrument is changed to a cone, the apex of
heliospheric distances betweernRgQ,and 219, Which is located on the analyzer’s axis of symmetry.
Resolutions of ~1in heliospheric latitude and lon-By sweeping the steering lens voltage, elevation
gitude are feasible with current technology, so ST&Agles througk40° can be observed during an ef-
REO should achieve the goal of approximatefgctive field of view of 2.6r steradians. The eleva-
1-hour time resolution in CME tracking. tion can be servo-controlled to follow deviations in
the solar wind direction.
One design that has been studied has an optical im-
ager to view a hemisphere of sky starting withinlsufficient mass, power, and funding are available,
few degrees of the solar disk and roughly centeréx® plasma analyzer could be enhanced by the
on the spacecraft-to-Earth line. Strictly speakinggdition of a time-of-flight section capable, at a
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minimum, of determining the ionization temperatutéshould be able to measure the absolute intensity and
of the plasma through measurement of the ratioasfergy spectra of energetic nuclei at the energies (10
0% to O’* ions. A second objective would be to dege 100 MeV/nuc) that pose a potential risk to astro-
termine the relative abundances of ions with higauts. The following list gives the observational and
and low first-ionization potentials, such as the Mg:€xientific objectives of the energetic particle detector
ratio. The ionization state and the composition prand representative energy ranges to be covered:
vide clues to the coronal sources of the plasma. The

energy-per-charge filtered ions would be acceleratedObservational
through a carbon foil floating at a high negative po-  Objectives

tential. Secondary electrons emitted from the f@amplein situ, with
would provide a start pulse, while accelerated ions1-min time resolution
would be detected after passing through the timeEnergetic electrons: production of
of-flight region to provide a stop pulse. ~0.1 to 3 MeV CME shock-

* Protons: ~0.1 to ~100 MeV accelerated
* Helium: ~1 to 100 MeV/nuc particles

A candidate magnetometer for STEREO is a singleHeavy ions (6 < < 28):

miniature triaxial fluxgate magnetometer using ring- ~2 to 30 MeV/nuc

core magnetic sensing elements. The magnetome{e? identification

low-noise ring core sensors are derived from the same

technology used in the Voyager, Magsat, GiottBing modern approaches to low-power, lightweight
CLUSTER, GGS, AMPTE, and MGS. A dynamig,q mentation, the required measurements can be

range 0tt65,536 nT can be achieved with a resolif o iged with a package of several small detectors
tion of 0.125 nT in one channel, asB55 nT with & 4t would require ~3 kg and ~2 W. These particle
resolution of 0.00125 nT in a second channel. Thgascopes could be based on silicon solid-state de-
vector magnetic field can be obtained at a rate of 20,5 \which provide precise measurements with

vectors per second, but such high temporal reso%g—od long-term stability. An average bit rate of ~200
tion is not necessary for the STEREO mission. If thia . per second should be adequate if onboard pro-

magnetometer sensor is mounted on a boom, the Plisging and data compression techniques are used.
entation of the boom must be chosen to avoid inter-

ference with the field of view of other instruments&

Scientific
Objective
Understand the
mechanism for the

Magnetometer

Conclusions

We have reviewed recent progress in understanding
Only rather modest instrumentation based on proVCMES and identified the major scientific questions

e .
approaches is required to address the mission obt(e)[(;be answered. The key questions and many of our

tives for energetic particles. The instrumentatiq onclusions are highlighted by italics throughout the

AR : %xt. We concluded that two spacecraft at 1 AU, one
should be able to distinguish impulsive from gradugrifting well ahead of Earth and one well behind
events based on the characteristics in Table 3. '

will serve the objectives of NASA's Sun-Earth Con-
nection Initiative by (1) enabling fundamental
research on the three-dimensional structure and
dynamical processes of CMEs, (2) providing the sci-

Solar Energetic Particle Detector

Table 3. Characteristics of impulsive and
gradual particle events.

Impulsive Gradual
Enriched in H& Normal isotopic
composition
Electron-rich Proton-rich

Enriched in Fe &
other heavy ions
Rapid rise & decay

Coronal abundances

More extended

ence base for greatly improved forecasts of distur-
bances at Earth, and (3) providing comprehensive
measurements of the interplanetary environment in
support of follow-on Solar Terrestrial Probes.

We recommend that the STEREO spacecraft carry
identical complements of instruments, including
chromosphere and coronal imagers, a heliosphere
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imager, a radio telescope, and sensors of interplan-implement it. The spacecraft can be launched by
etary particles and magnetic fields. We believe that 2003 within the cost cap of the Solar-Terrestrial
the recommended complement of instruments will Probe program.

accomplish the goals of the STEREO mission. 3. NASA should act, in cooperation with other

, , agencies, to implement a “beacon mode” that
Together with the Goddard Space Flight Center, we |\ ../1d enable STEREO to provide near-real-time

studied orblts, vehicles, programmatic requwem_ents, warnings of impending geomagnetic disturbances.
and funding needed to carry out a 2-year science

mission with a 3-year extension for support of othgr
Solar-Terrestrial Probes. We concluded that thé
needed technologies are available now and that e scientific literature dealing with solar activity
mission can be launched in mid-2003 within the caatd its effects is extensive. We have drawn on that
restrictions of the Solar-Terrestrial Probe line of mikterature in discussing the scientific goals of the
sions. We also considered how existing or plannS@EREO mission, but for brevity we have not ex-
space assets, such as ACE and Solar-B, might adplim@tly cited the works. Several recent conference
the scientific potential of the mission. We particyproceedings are particularly helpful in explaining the
larly considered the possibility that SOHO coulscientific issues motivating the STEREO mission:
serve as one of the STEREO eyes on space. We de- o
cided against relying on SOHO because if it sholftePronal Mass Ejectionsseophys. Monogr. Ser., vol.
fail during the years leading up to launch or shortly 99: €dited by N. Crooker, J. A. Joselyn, and
after, then reliance on SOHO would result in the loss?- Féynman, 1997, AGU, Washington, D. C.
of the stereoscopic mission. As our study made clddagnetic Reconnection in the Solar Atmosphere
the scientific value of another single-viewpoint mis- edited by R. D. Bentley and J. T. Mariska, 1996,
sion is dramatically lower than for a mission with Astron. Soc. Pacific Conf. Sgvol. 111, San Fran-
stereoscopic capability. cisco, Calif.

Solar Wind Eightedited by D. Winterhalter, J. T.
In order to maximize the scientific return from the Gosling, S. R. Habbal, W. S. Kurth, and
unique opportunity provided by STEREO, further \. Neugebauer, 1998IP Conf. Proc, Vol. 382,
studies should be conducted to maximize thea|p Press, Woodbury, N. Y.

information that can be extracted from Stere§olar Dynamic Phenomena and Solar Wind Conse-

observations. Such studies, Whlch will include simu- quencesProc. Third SOHO Worksho994, ESA
lated observations of prescribed structures (e.g.sp_373

CMEs, streamers, loops), will help assure the opti-
mum design and selection of STEREO instrumentt?€ recommended Sun-Earth Connections program
tion. We also recommend that studies of various tel@-available on the Web:

scopes, including magnetographs, be pursugg
vigorously to minimize eventual costs and maximize
capabilities.

Bibliography

n-Earth Connection Roadmap. Strategic Planning
for the Years 2000-202®Roadmap Integration

Team (J. L. Burch, chairman), 1997. Website:
http://espsun.space.swri.edu/~roadmap/

index.html.

1 T itably inst ted #in ellinti |I’|] the bibliography below, we offer a sample of re-
- WO sUltably INSTTUMented spacecrart in eHptcl, papers that are representative of current think-
solar orbits, leading and lagging Earth at 1 Al

. : ng in the field and that will lead the interested reader
will provide the measurements needed to sol

NP W& earlier works and to other works on the research
the fundamental scientific issues surroundlr}%ntier

coronal mass ejections.

2. The technology for the STEREO mission i$Acceleration of energetic particles which accom-
ready, and NASA should act promptly to pany coronal mass ejections,” Reames, D. V., 1994,

As a result of this study, the Science Definition Team
concludes that:

35



in Proc. Third SOHO Workshop—Solar DynamitGreat geomagnetic storms,” Tsurutani, B. T., W. D.
Phenomena and Solar Wind ConsequeneSs\ Gonzalez, F. Tang, and Y. T. Lee, 196@20phys.
SP-373, pp. 107-116. Res. Lett 19, 73-76.

“Coronal mass ejections and large geomagnetiteliospheric observations of solar disturbances and
storms,” Gosling, J. T., S. J. Bame, D. J. McComas their potential role in the origin of geomagnetic
and J. L. Phillips, 199G5eophys. Res. Letll7, storms,” Jackson, B. V., 1997 ,Magnetic Storms
901-904. Geophys. Monogr. Ser., vol. 98, edited by B. T.

“Coronal mass ejections and magnetic flux ropes inTsurutani, W. D. Gonzalez, Y. Kamide, and J. K.
interplanetary space,” Gosling, J. T., 199®hys-  Arballo, pp. 59-76, AGU, Washington, D. C.
ics of Magnetic Flux Rope&eophys. Monogr. “The implications of 3D for solar MHD modelling,”
Ser., vol. 58, edited by C. T. Russell, E. R. Priest,Antiochos, S. K., and R. B. Dahlburg, 1990])ar
and L.-C. Lee, pp. 343-364, AGU, Washington, Phys., 174, 5-19.

D.C. “The initiation of coronal mass ejections by mag-
“Coronal mass ejections: A summary of SMM obser- netic shear,” Mikic, Z., and J. A. Linker, 1997, in
vations from 1980 and 1984-1989,” Hundhausen,Coronal Mass Ejectionsseophys. Monogr. Ser.,
A. J., 1997, inThe Many Faces of the Sun: Scien- vol. 99, edited by N. Crooker, J. A. Joselyn, and
tific Highlights of the Solar Maximum Mission J. Feynman, pp. 57-65, AGU, Washington, D. C.

edited by K. T. Strong, J. L. R. Saba, and B. Mp sijtu observations of coronal mass ejections in
Haisch, Springer-Verlag, New York, in press. interplanetary space,” Gosling, J. T., 199 Eiiap-

“Coronal mass ejections: The key to major interplan-tive Solar Flares, Lecture Notes in Physiedited
etary and geomagnetic disturbances,” Webb,by Z. Svestka, B. V. Jackson, and M. E. Machado,
D. F.,Rev. Geophys., Supplemgmp. 577-583. vol. 399, pp. 258-267, Springer, Berlin.

“Disruption of coronal magnetic field arcades,”Interplanetary magnetic clouds, helicity conserva-
Mikic, Z., and J. A. Linker, 1994Astrophys. .] tion and intrinsic-scale flux ropes,” Kumar, A., and
430, 898. D. M. Rust, 1996J. Geophys. Resl(1, 15,667.

“EIT: Extreme-Ultraviolet Imaging Telescope for thélnterplanetary origin of geomagnetic activity in the
SOHO Mission,” Delaboudiniere, J.-P. and oth- declining phase of the solar cycle,” Tsurutani,
ers, 1995Solar Phys. 162 291-312. B.T.,W.D. Gonzales, A. L. C. Gonzales, F. Tang,

“The ejection of helical field structures through the J. K. Arballo, and M. Okada, 1993, Geophys.
outer corona,” House, L. L., and Berger, M. A., Res, 100, 21,717-21,733.
1987,Astrophys. J 323 406-413. Lagrange: The Sun and Inner Heliosphere in Three

“Eruptive prominences as sources of magnetic cloudfimensionsSchmidt, W. K. H., and others, 1996,

in the solar wind,” Bothmer, V., and R. Schwenn, & proposal to the European Space Agency for the
1994,Space Sci. Rev0, 215. next medium size mission (M3), ESA SP-1180,

“The escape of magnetic flux from the Sun,” Bieber, 116.

J. W, and D. M. Rusfstrophys. J.1995,453 “The Large Angle Spectroscopic Coronagraph
911. (LASCO),” Brueckner, G. E., and others, 1995,

Foundations of Solar Particle Event Risk Manage- Solar F_’hys.T’L62: 357-402. o
ment Strategiestindings of the Risk ManagementMagnetic chirality and coronal reconnection,

Workshop for Solar Particle Events, M. Acuna, Canfield, R. C., A. A. Pevtsov, and A. N.
Chair, July 1966. McClymont, 1996, irMagnetic Reconnection in

“Geomagnetic activity associated with Earth passagéhe Solar Atmospheregited by R. D. Bentley and

of interplanetary shock disturbances and coronal‘;' T. Ili/larlska, pp. 341-346, Astron. Soc. Pacific,
mass ejections,” Gosling, J. T., D. J. McComas, >an ~rancisco.

J. L. Phillips, and S. J. Bame, 1991 Geophys. ‘Magnetic field structure of interplanetary magnetic
Res. 96, 7831-7839. clouds at 1 AU,” Lepping, R. P., J. A. Jones, and

36



L. F. Burlaga, 199Q]. Geophys. Re€5, 11,957—  Scientific Commission F/Meetings FR, 289—
11,965. 301.

“Problems and progress in computing three-diméigolar tomography,” Davila, J. M., 199Astrophys.
sional coronal active region magnetic fields from J.,423 871.
boundary data,” McClymont, A. N., L. Jiao, anégpatial and temporal invariance in the spectra of
Z. Mikic, 1997,Solar Phys.174, 191-218. energetic particles in gradual events,” D. V.
“Quasi-stereoscopic imaging of the solar X-ray Reames, S. W. Kahler, and C. K. Ng, 1997,
corona,” Batchelor, D.,1994%&0lar Phys.155, Astrophys. J in press.

57-61. “The spatial distribution of particles accelerated by

“Rendering three-dimensional solar coronal struc-coronal mass ejection-driven shocks,” Reames, D.
tures,” G. Allen Gary, 1998olar Phys.174, 241—- V., L. M. Barbier, and C. K. Ng, 1998strophys.
263. J., 466, 473.

“Scaling of heating rates in solar coronal loops;Spawning and shedding helical magnetic fields in
Klimchuk, J. A., and Porter, L. J., 1998ature the solar atmosphere,” Rust, D. M., 1994,
377, 131. Geophys. Res. LetR], 241-244.

“The sizes and locations of coronal mass ejectiofiStereoscopic viewing of solar coronal and interplan-
SMM observations from 1980 and 1984-1989,” etary activity,” Schmidt, W. K. H., and V. Bothmer,
Hundhausen, A. J., 1993, Geophys. Res98, 1996,Adv. Space Red7, 369-376.

13,177-13,200. “Three-dimensional reconstruction of coronal mass
“Solar activity and the corona,” Low, B. C., 1996, ejections,” Jackson, B. V., and H. R. Froehling,
Solar Phys.167, 217. 1995,Astron. Astrophys299 885-892.
“The solar flare myth,” Gosling, J. T., 1993, “Tomographic inversion of coronagraph images,”
Geophys. Res98, 18,949. Zidowitz, S., B. Inhester, and A. Epple, 1996, in

“Solar flares—An overview,” Rust, D. M., 1992, in Solar Wind Eightedited by D. Winterhalter, J. T.

Life Sciences and Space Research XXIV/2/ RadiaGosling, S. R. Habbal, W. S. Kurth, and M.

tion Biology; Proc. Topical Meet. Interdisciplinary Neugebauer, pp. 165-166, AIP Conf. Proc. 328,
Woodbury, N.Y.

37



STEREO Mission Concept November 14, 1997

APPENDIX |

Mission Requirements and Proof of Feasibility

I-1



STEREO Mission Concept November 14, 1997

l. Observatory Concept

A. Overview

The uniqueness of the Solar STEREO mission concept lies simply in the geometry of the
observations and consequently the drifting heliocentric orbit requirement. The science
instrumentation utilizes proven, relatively straightforward designs. The spacecraft requires
modest three-axis stabilization and a reasonably high performance communication system.
It must be rather lightweight, radiation hard, and inexpensive. All of these requirements can
be met using current designs such as the newly developed SMEX-Lite architecture'.
Though admittedly state-of-the-art today, this type of small spacecraft performance will
undoubtedly be readily available by the 2003 timeframe in which STEREO will fly.
Consequently, the SMEXsL.ite architecture is cited in this study as an ample demonstration
(acase study) of the ease in which this mission could be assembled.

B. Spacecraft Background

The SMEXe-Lite architecture is currently being developed by the SMEX Project a
NASA/GSFC under the context of the NASA Explorer Program Technology Infusion
Program. This design will be built to protoflight standards, qualified for flight, and
performance demonstrated by early 1998. Prototype integration began in October 1997.
This new spacecraft architecture has been optimized for versatility, ease of change, and low
cost. A three-axis stabilized version of thisdesign is no more than one-foot tal, 38 inches
in diameter, and is anticipated to cost approximately $10M per mission to obtain. This
study makes no presumption as to who or where the spacecraft are produced, but only
presumes ready availability of this class of technology and the acceptance of aggressive
project management and systems engineering techniques. Full cost accounting techniques
have been utilized in estimating mission costs. The current development activity is
proceeding very well, meeting nearly dl of its cost and performance objectives. This
provides the confidence to cite this architecture as a proof of feasbility concept for the
STEREO mission concept definition study.

C. Mission Orbit

The STEREO mission requires two spacecraft to make their observations separated within
the ecliptic plane by approximately 60 degrees from each other in their respective
viewpoints of the Sun. This is an optimum viewing geometry for the selected science
instrumentation package, not an absolute geometry[] meaning that good science can be
obtained from smaller aswell aslarger angles, but the best observations will occur as this
angle approaches approximately 60 degrees. In fact, there are reasons to argue that a variety
of viewing geometries will yield more information on CME structures and behavior than a
fixed viewing geometry. When you couple the science viewing requirements with the
recognition that it takes a great deal of propulsive energy and resulting spacecraft weight
and complexity to position a spacecraft in afixed position in deep space such as a libration
point, this study recommends a slowly drifting heliocentric orbit in which the spacecraft
can be directly inserted by the launch vehicle as the optima low cost solution for this
mission. This approach has the added benefit of only requiring two spacecraft
configurations (or operating conditions) during the mission] the launch configuration and
the science observation configuration. With no intermediate orbit transfer or parking
configuration and no propulsion system requirements to be met, the spacecraft design
becomes very straightforward.
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The heliocentric orbit, which was chosen, has an energy requirement of approximately 0.78
km?/s”. A C,=1.0 km’/s” was used for launch vehicle performance analysis. One spacecraft
would be placed in aleading trajectory ahead of the Earth in its orbit and the other would be
placed in a lagging trajectory following the Earth in its orbit. This combination of
trgjectorieswill yield a spacecraft separation angle of ~60 degrees that persists from about
day 210 to day 460 of the mission (see Figure 1, Figure 2, Figure 3, and Figure 4).
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Ten Day Time Ticks for 9/8 Trailing Transfer
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These trgjectories are very straightforward to obtain and relatively insenditive to insertion
errors (see Figure 5).
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The resulting orbital geometry has the added advantage of minimizing the distance from
the Earth (ssmpler RF communications) and of putting al other Earth orbiting as well as
ground based solar observatoriesin agood position to provide collaborative data.

D. Launch Vehicle Selection

Launch vehicle options ranging from the Pegasus to the DELTA were evaluated for this
mission. Vehicle technical capabilities and cost were considered. Two options were studied
in detailJ launching both spacecraft together on a DELTA or launching each spacecraft
separately onaTAURUS.

The DELTA vehicle does not have the capability to provide separate 3rd stages to multiple
payloads. Consequently, at least one, if not both of the spacecraft would require their own
kick motors. The DELTA 7326 could lift 2600 kg combined payload mass into a transfer
orbit, leaving one spacecraft there, and subsequently boost the other into its heliocentric
orbit (C,=1.0) using a STAR 37 upper stage. The other spacecraft would need to provide
its own propulsive element to boost to the heliocentric orbit.

A single TAURUS vehicle could directly insert a single 350 kg payload into the required
heliocentric (C,=1.0) orbit for approximately half the cost of the DELTA. The TAURUS
configuration would utilize the 63 inch diameter fairing (54 inch useable payload diameter),
the Star 37FM upper stage, and the standard 3712 payload adapter fixture/separation
system (see Figure 6). The upper stageis spin stabilized (~50 rpm) and includes an integral
despin system. Launch would be from the Kennedy Space Center (KSC) range. It is
assumed that all launch support facilities would aready bein place. Two separate launches
would be used for STEREO.
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The TAURUS option was selected as the most practical for its smplicity in mission
operations, least impact on the spacecraft design, and for spreading the risk of catastrophic
failure by utilizing separate launches.
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E. Mission Lifetime and Reliability

The STEREO mission concept is optimized for the 60-degree separation angle science
observations between days 210 and 460 and the 110-degree separation between days 600
and 800. Observations after this angle expands outward are considered an extended
mission opportunity. Any additional science data gathered in the extended mission is
considered a bonus and will be relayed back to Earth a diminished data rates as the
spacecraft gradualy drifts further and further away from Earth. This approach eliminates
the need for a propulsion system on-board the spacecraft. It also greatly smplifies the data
system requirements, both on-board the spacecraft as well as on the ground. It yields a
design life of approximately 2 years] implying that a single string observatory is a
reasonable design approach.

F. Spacecraft Configuration

The STEREO observatory was configured for maximum simplicity. The sunward facing
platform was balanced so as to minimize the separation of the Center of Pressure (CP) and
Center of Gravity (CG) in order to keep secular momentum build-up as small as possible.
The spacecraft must be balanced in its launch configuration due to the spin stabilized upper
stage. Balance mass has been alocated to smplify the implementation of this requirement.
No attempt was made to provide a balanced torque couple configuration of the spacecraft
thrusters since there are no stringent trajectory maintenance requirements. The science
magnetometer was placed in the spacecraft shadow in order to minimize thermal distortion
of its boom. The instrument eectric dipole antennas were placed to prevent interference
with not only the sunpointed instruments, but also the high gain antenna and the star
tracker. The Heliosphere Imager is deployed on-orbit to adightly outward and aft position
in order to clear its expansive FOV from shadowing by the high gain antenna.

The spacecraft assembly was decoupled as much as possible from the instrument module
in order to provide for the use of an accelerated development schedule (see Section V1) that
minimizes mission cost. The instrument module is a separate, fully integrated sub-
assembly. The spacecraft components are housed in or attached to the one-piece integra
spacecraft structure (see Figure 7, Figure 8, Figure 9, Figure 10).
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Figure7. STEREO Launch Configuration

Figure8. STEREO On-Orbit Configuration Overview
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Figure9. STEREO On-Orbit Configuration Close-up
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Theinternal architecture of the STEREO observatory (see Figure 11) utilizes the standard
interfaces and basic performance of the SMEXe Lite architecture’. Command and control,
aswell as housekeeping and low rate telemetry are managed on the MIL-STD-1553 Data
Bus. A single RSC6000 radiation hard, 32-bit microprocessor controls al observatory
functions. A single seria port is used to transfer the high data volume from the SCIP
instrument. The remaining instruments are interfaced by a single Auxiliary Instrument
Controller (AIC) to the spacecraft.
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Figure11l. STEREO Observatory Block Diagram

G. Attitude Control System (ACS)

The STEREO mission requires a three-axis stabilized pointer that maintains the instrument
line of sight viewing the Sun with a+30 arc-sec, 3-sigma accuracy. Jitter must be limited
to within £5 arc-sec. The coronograph provides a pitch/yaw pointing error signal accurate
to approximately 0.1 arc-sec that is used by the ACS for its solar reference. Roll about the
sunline is unimportant to the science data collection, but is important for post flight data
analysis. The solar roll angle must be known to 0.1 degrees. The spacecraft roll angle must
be controlled such that the high gain antennais pointed towards the Earth £0.10 degrees.

All of these pointing requirements can easily be accommodated by an ACS configuration
similar to that used on the NASA/SMEX Transition Region and Coronal Explorer
(TRACE)® mission. Three orthogonal reaction wheels are used to adjust the attitude of the
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gpacecraft and to provide a bias momentum vector oriented towards the Sun. This bias
momentum provides gyroscopic stability to the system, resisting disturbance torgque
perturbations and providing short-term stability in the case of system upsets.

Three orthogonal Pulsed Plasma Thrusters (PPT) are utilized to manage secular
momentum build-up. These devices function as illustrated in Figure 12. They have been
successfully flown on the US Navy NOV A satellites. Further background dataiis available
in Reference 2. The PPT was chosen over the more traditional liquid or cold gas propulsion
system because of its smplicity and small size. Once out of Earth orbit the spacecraft
disturbance torques are very small, dominated by solar pressure forces and weak
gravitationa pulls. The estimated disturbance torques were increased by a factor of 3 for
the purposes of this study. Designing the sunward face of the spacecraft to have a small
CGI/CP displacement (<1.0 in) further minimizes the effects of the solar pressure forces;
however, the ACS design is not dependent upon this assumption. Increasing the CG/CP
separation to 1.0-foot approaches the practical limitation of the PPT, increasing the average
power and Teflon propellant mass by a factor of twelve. However, it is rather straight-
forward to balance the spacecraft projected areato within afew inches of the CG, so thisis
of little concern. This low torque environment is the ideal place to use PPT’'s since the
devices themselves produce relatively small impulses. The PPT for STEREO were sized
using the assumptions outlined in Table 1. The resulting calculations specified a very
modest PPT size that is well within the experience base of these devices. The NASA
EO-1 spacecraft of the New Millennium Program will fly similar devicesin 1999.
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Table1l. PPT Sizing Assumptions

Assumption Comment

E
n Solar radiation pressure 1.3x10™*N Solar flux = 1358
v w/m?
i Solar radiation pressure Torque | 3.3x 10*N-m Spacecraft CP/CG
r offset = 1.0 in
0 1 min. accumulated momentum | 1.98 x 10°* N-m-s
n
m Spacecraft surface area 6.0 m? Sun face
e Spacecraft surface reflectance 0.6 Sun face q
n
t

C

h

a
Tr
h a
r c 1.5 amp source 20.4W 70% efficiency
u t Max. capacitor charge 2947
s e Time for max. charge 1.0 sec
tor Min. capacitor charge 5.01J
e | Time for min. charge 0.1701 sec
r s

t

i

C
cC P
a e | Required thruster impulse 3.97x 10" N-s
I r Required mass per firing 4.05x 10® kg Isp = 1000 seconds
¢ f | Required thruster force 3.97x 10* N at 1 Hz firings
u o Required capacitor charge 22,62
Il r Required capacitor charge time | 0.7694 sec at power level
a m | Average power over 1 hour 0.377 W
t a | Firings over 2 years 1,051,200 0.0167 Hz frequency
e n Teflon mass over 2 years 0.0426 kg
d c Length of Teflon cylinder 0.0389 m 1 in. diameter

e

Sun acquisition attitude signals are provided by a moderate Field of View (FOV) fine Sun
sensor further aided by 2t steradian coverage coarse Sun sensors. Fine Sun pointing error
signals come from the coronagraph.

Roll attitude information is provided by a star tracker oriented perpendicular to the
spacecraft Sun axis, opposite the high gain antenna. The ecliptic plane is richly populated
with stars, providing an easily recognizable roll reference throughout the mission. The
orientation of the Earth will be computed on-board utilizing this roll reference and an
orbital ephemeris updated by mission controllers. The ACSwill also compute the required
high gain antenna pitch angle necessary to maintain an effective communication link to the
Earth.

1-12
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The ACS will aso provide safe pointing at the start of the mission. Once released from the
launch vehicle, the spacecraft will autonomously deploy the solar arrays and enable the
ACS to seek and point towards the Sun and orient the high gain antenna axis towards the
Earth. This initid Sun acquisition utilizes al three reaction wheels and should be
accomplished in a few minutes time. The wheels must be sized to have sufficient
momentum storage capability to absorb the full tip-off momentum from launch vehicle
separation. Once dtabilized in position the spacecraft will await ground command to
initidize the science instrumentation. This autonomous acquisition approach has been
successfully utilized on al SMEX missions.

Attitude control algorithms are executed within the spacecraft processor. The required
system performance is well within prior SMEX mission capabilities and is not a driver for
this mission.

H. Data and Communication System

The STEREO data system must be capable of collecting one Ghit of science data per day
and relaying it to the ground. This can easily be handled with two hours per day of 150
Kbps downlink transmission to the Deep Space Network (DSN) 34 meter ground system
during the prime mission period (i.e., ~60 degree spacecraft separation angle). Later in the
mission the data rate must be reduced in order to maintain an adequate link margin (see
Figure 13) as the spacecraft-Earth separation distance increases. Reduced data volume
must be incorporated to balance the data flow. Downlink time can a so be increased as long
as a positive energy balance is maintained within the spacecraft power system. A third
option of maintaining data volume during the extended mission would be to switch to the
DSN 70 meter ground system; however, system availability may make this impractical.
The spacecraft will have 8 selectable datarates in order to support thisflexibility.
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Figure 13. STEREO Link Margins

A full day’s data set can be stored in a relatively modest solid state recorder. Spacecraft
command loads can be received concurrent with the downlink.

In order to support these data flow requirements as well as to maintain the theme of
spacecraft simplicity, a 1.3 meter rigid antennawith 39 dB gain and aField of View (FOV)

1-13
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of £0.25 degrees was chosen for the high gain downlink and beacon mode broadcast. This
is the largest fixed antenna that could be easily packaged in the payload volume without
utilizing an elaborate deployable mechanism or antenna system. The antenna is stowed
above the spacecraft for launch and rotated into the operational position after separation
from the launch vehicle. The spacecraft will roll in order to orient the antenna towards the
Sun-Earth line. The antennawill be oriented along the Sun-Earth line to point at the Earth
by asmall stepper motor that will pivot the antenna elevation axis relative to the spacecraft
body. The elevation angle (see Figure 14 and Figure 15) changes slowly throughout the
mission and consequently will only require periodic adjustment, rather than active pointing.
The antenna elevation angle will therefore be controlled to +0.1 degree. If the mission is
extended much beyond two years the spacecraft will need to offset point from the Sun in
order to place the Earth within the antenna FOV since elevation angle adjustment is limited.
Two low gain omni-directional antennas will provide coverage for health and safety
contingencies aswell asinitial Launch and Early Orbit (L& EO) activities.
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Figure 14. Earth-Sun-Spacecraft Angle Variation (C,=2.01)
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The data system will utilize a 20 watt X-band transponder for RF communications. X-band
alows for a smaller size antenna and avoids the frequency access issues which ae
becoming more pronounced in the crowded S-band arena. DSN s already equipped to
handle X-band communications. This configuration meets the command and telemetry
requirements as well as satisfying the orbit tracking requirements for two-way Doppler and
ranging data. Orbit knowledge can easily be derived for this trgjectory using this approach
to better than £200 km aong track and £100 km across track, more than sufficient for
science data analysis and ground station antenna pointing.

The data management functions as well asthe ACS functions can be easily handled by the
single spacecraft R6000 processor and interfaces integral to the SMEX-Lite architecture.
The Command and Data Handling (C&DH), ACS and spacecraft health and safety flight
software requirements can easily be supported by existing SMEX software with an
estimated reuse factor of 85%. This code is highly structured and utilizes C+/C++ high
level language modules. The processor, running at 33 MHz, will only be ~15% utilized to
support the spacecraft requirements of this mission.

l. Power System

The STEREO power system is only required to provide ~150 watts of 28 volt power to
the observatory. This requirement can be met with 1.08 square meters (12 SMEX-Lite
solar array platelets) of GaAs solar array. A 12 Amp-hr Nicke Cadmium battery is
incorporated to provide a power reserve for transmitter operation as well as to act as the
primary power source during L& EO prior to solar array deployment and Sun acquisition.
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J. Power and Weight Budgets
Average
[tem Mass | Power | CommentsHeritage
(kg) (watt)
Primary Structure 24.0 - SMEX-Lite
Balance Weights 10.0 -
Solar Array 7.2 - SMEX-Lite
Battery 12.0 - Sanyo D-cell
Transponder 5.0 15.0 20 watt RF output
(daily average)
Antenna Support Structure 11.0 -
Harness 7.2 - SMEX
High Gain Antenna 55 - TRMM
Low Gain Antennas 0.8 - SMEX
Computation Hub 55 18.5 SMEX-Lite
Utility Hub 2.3 5.0 SMEX-Lite
Power Node 54 9.7 92% efficiency
Reaction Wheels 12.0 12.0 SMEX-Lite
Pulsed Plasma Thrusters 10.5 35 Factor of 3 power
margin
Sun Sensors 1.0 0.7 Adcole DSS, CSS
Gyros 5.0 12.0 SMEX Incosym
Star Tracker 8.0 7.6 Lockheed AST
Thermal 2.0 10.0 SMEX
Spacecraft Subtotal 134.4 94.0
Combined Emission-Line| 20.0 20.0 LASCO, EIT
Imager and Coronagraph
Magnetometer 20 20 Existing versions
Solar Wind Analyzer 3.0 20 Existing versions
Energetic Particle Detector 3.0 2.0 Existing versions
Radio Burst Telescope 5.0 2.0 Existing versions
Heliosphere Imager 15.0 20.0 New devel opment
Aux. Instrument Controller 5.0 10.0
Instrument Support Structure 10.0 -
CME Structure Deployment 8.0
Mechanisms
Instrument Harness 6.0
Instrument Subtotal 69.0 58.0
TOTAL 211.4 152.0
Mission Capability 3500 | 156.0
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Il. Mission Operations Concept

The SMEX Program has been actively pursuing and promoting the concepts of automated
spacecraft operations. By combining the safing capabilities of the spacecraft and the
advancements in ground control software, the TRACE and Wide-Field Infrared Explorer
(WIRE) missions are setting precedence for unattended spacecraft operations.

The location of the control center is somewhat arbitrary when considering these
advancements in telecommunications. The SMEX control center is centraly located a
GSFC with access to ground support resources as well as access to other solar physics
observatories for coordinated science observations. Communications services between Jet
Propulsion Laboratory (JPL), the primary source of data, and GSFC are dready in place
and would simply require bandwidth alocation. GSFC Flight Dynamics Facility (FDF)
would provide tracking and navigation services which would allow STEREO to take
advantage of the PC based FDF systems being developed for TRACE and WIRE. These
systems will process and distribute required FDF products.

The STEREO control center could easily be modeled after the TRACE and WIRE
systems. The primary ground control software requirements can be met by the Integrated
Test and Operations System (ITOS). ITOS has 7 years of SMEX heritage and takes
advantage of cost effective automation features. The automation features alow for
unattended health and safety monitoring, data processing, and anomaly notification.
Anomaly notification is accomplished with automated configuration monitoring and limit
checking which activate pre-programmed paging systems. Spacecraft safing sequences
ensure that all mission critical responses to anomalies are issued by the onboard computer.

Armed with the confidence that mission critica responses are satisfied and that the
gpacecraft will be in a stable condition a the next ground contact, the operations will be
reduced primarily to mission planning and post-pass data evauation. This will enable
operations support to be constrained to a standard 40 hour week. The size of the team will
depend primarily on the expertise of the staff and the spacecraft real-time requirements. A
skilled team of four could reasonably support this mission as long as the instrument
operations can be smplified to a consistent data acquisition mode. Operations of both
STEREO satelliteswill be kept asidentical as possible to minimize the operation to simple
station contact differences. A basdline of 1 Ghit per day a the primary science distance of
.5 AU will require DSN station support for 2 hours @ 150 Kbps per day. This could be
supported in multiple passes or one single pass. Additional pass coverage could be
scheduled to increase science data volume. Much of this depends on station availability;
however, either approach can be accommodated. The spacecraft will have selectable data
rates to accommodate link margin restrictions. This will give the operations personnel
considerable flexibility in mission planning. The DSN 34 meter system is the basdline for
the STEREO communication system; however, in times of conflict the 70 meter system
can be used to dump science data faster and to conserve spacecraft power.

Command uploads will cover a one week period which once again will reduce operations.
This upload should consist primarily of station contacts, science data dump commands and
orbital ephemeris updates. The Command Management System (CMS), modeled after the
TRACE system, will take ground station contact schedules and science command inputs to
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produce spacecraft command loads. |If routine operations are necessary these actions will
be done with the on-board Absolute Time Sequence (ATS) and Relative Time Sequences
(RTS).

On-board science data analysis could identify data as a priority for near real-time
transmission and set off the “Beacon Mode” that would attempt to call for ground support.
This mode would initiate a request for ground support by sending a low rate beacon to
scheduled listening stations. Once the signal is detected the station would activate a paging
request to the operations personnel. The flight operations team would then schedule a DSN
station contact and issue the data collection commands. This concept does have drawbacks
in that it would require constant ground monitoring. Ground stations with reasonable
antenna gains of 52 dB (5.5 meter) could support a beacon mode surveillance concept.
There are numerous commercial companies that are currently developing the ground
station infrastructure that would be needed.
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Ml Mission Cost Estimate

The STEREO mission cost estimate is based partially on actud SMEX mission historica
data’, and partially on comparative evaluations of similar type instrumentation. SMEX-Lite
mission costs are derived from the ongoing technology development expenditure history.
The technical maturity of most elements of this misson make this a redistic method to
assess mission viability.

The STEREO mission cost estimate is based on an accelerated development cycle (see
Figure 16) beginning in October 1999 and ending with a launch of the first spacecraft in
February 2003, and the second spacecraft in April 2003.

FY99 FYO00 FYO1 FY02 FYO03
Oct Oct Jun Nov Jun Feb Apr
‘98 ‘99 ‘00 ‘00 ‘02 ‘03 ‘03
Mission : L h L: h
20 M th Confirmation | Insgllj\gf;t au?c augc
on Review
- o | !
Pre-Mi M
Instrument | i i : |
. e 12 months; 8 th L h
Definition & months) I I o
Pel’l Od | (2 mos)
32 Month o L&EO
M .. Instlrument Mission (L mo)
Development 1&T
Ission (24 months) (6 mos) L&EO
Development mo)
eserve  Launc
| | (2mos) Ops2
(2 mos)
18 M 0 nth Spalcecraft s/C Spfacecraft
Development Integ. Performance
Spacecraft (12 months) (3 mos) Test (1 month)
Development

Environmental
Test (2 months)

Figure 16. Development Cycle

Postponing the spacecraft development isavalid technique for reducing system cost given
the straightforward requirements for thismission. It is assumed that an existing spacecraft
design could be incorporated with very minor mission unique modifications. The mission
design period and the pre-mission development instrument definition period will focus on
defining the instrument configuration and interface specifications.
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The STEREO mission total cost is summarized in Table 2 and Table 3.

Table2. STEREO Mission Cost Summary (FY97 $M)

Phase A/B &
Technology | Phase C/D | Non-Flight
& Ground
System

Instrument Definition

Maturation 3.0

Definition 5.0
Instrument Development 60.0

Reserve (20%) 12.0

Subtotal 72.0
Spacecraft Development 52 26.5

Reserve (20%) 11 5.3

Subtotal 6.3 31.8
Mission Integration 16 11.6

Reserve (10%) 0.2 12

Subtotal 1.8 12.8
Launch Segment 56.0
Ground System 8.0

Reserve (20%) 2.0
MO&DA 20.0
Pan Subtotal 22.8 96.1 76.0
Reserve Subtotal 3.3 20.5 0.0
Subtotal ,26.1 , 116.6 76.0
GRAND TOTAL / / 218.7

$30M Cost
Constraint

Constraint
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Table 3. STEREO Mission NOA Phasing Estimate (FY97 $M)

Mission Segment FY99 | FYO0 | FYO1l | FYO2 | FYO3 | FY04 | FYO5
(including reserve)

Instrument Definition 3.0 5.0

I nstrument 14.4 26.4 21.6 9.6

Development

Spacecraft 6.3 17.2 12.7 19

Development

Mission Integration 1.8 4.4 5.8 3.9

Launch Segment 23.0 24.6 8.4

Ground Segment 2.0 5.0 3.0

MO&DA 8.0 110 11.0

TOTAL 3.0 275 73.0 69.7 34.8 11.0 11.0

A. Launch Segment Costs

The TAURUS vehicle configured for STEREO is estimated by the NASA/GSFC Orbital
Launch Services (OLS) Project to cost ~$28M. This includes payload support and
integration costs. Consequently the STEREO mission launch cost is $56M. Thevehicleis
ordered 30 months prior to launch with a payment schedule as outlined in Table 4.

Table4. Payment Schedule

Milestone Amount Estimated Date of
Event No. (% of Price) Completion
(Months)

1 10% L-30

2 5% L-27

3 8% L-24

4 9% L-21

5 9% L-18

6 9% L-15

7 12% L-12

8 12% L-9

9 11% L-6

10 5% L-3

11 5% Launch

12 5% L+3
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B. Instrument Costs

1. I nstrument Definition

Instrument definition costs include al instrument expenditures associated with Pre-Phase
A, Phase A, and Phase B activities leading up to the Mission Confirmation Review.

The projected instrument costs are summarized in Table 5, along with some indication of
the heritage of the instrument design.

Table5. Summary of the Estimated Instrument Costs for the STEREO
I nstrument complement.

I nstrument Heritage Estimated Cost ($M) for
Each Instrument*

Solar Coronal Coronagraph is similar

Imaging Package to the SPARTAN 201

(SCIP) coronagraph with offset

Coronagraph and occulter 18
emission-line

imager combined Coronal and Chromo-
spheric Imager isa
simplified version of the
multi-layer imaging tech-

nology of TRACE and
EIT
Energetic Particle ACE 2
Detector
Radio Burst Tracker | Similar to the instru- 2
ments on Ulysses and
WIND
Magnetometer Similar to instrument on
GIOTTO, CLUSTER, 1
Mars Global Surveyor
Solar Wind Plasma | WIND 2
Anayzer
Heliosphere Imager | SMEI (Air Force prog.) 5
NEAR
Total Cost — 30

*All costs given are for asingleinstrument. The tota mission instrument cost can be obtained by
simply doubling these amounts since two instruments are required.

The cost for the SCIP is based on the cost for comparable but more complex instruments
from the TRACE and SOHO missions. TRACE is a much more sophisticated, much
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larger instrument than the SCIP with sub-arcsecond pointing, active focusing, multiple
bandpass optics. Additional basisfor this cost is obtained by comparing the SCIP with the
Solar X-ray Telescope (SXT) on Yohkoh. But again, the instrument is much more
challenging than the SCIP with very expensive grazing incidence optics and a filter wheel.
In addition, SXT had one of the first CCD cameras built for a solar physics mission, and
significant development cost were incurred. Since that time, several groups have devel oped
working, inexpensive CCD cameras, which could be used for the SCIP.

2. Instrument Development and I ntegration

Instrument development and integration costs include al costs incurred during Phase C/D
associated with the instruments and the preparation of the Science Operations Center
(SOC). Thisincludes support to observatory Integration and Test (I&T) through launch +
30 days.

C. Spacecraft Costs

Spacecraft costs (see Table 6) begin with supporting the mission design. They include dl
costs associated with spacecraft design, build, and qualification testing as an assembled
single component up to the time of instrument integration. Spacecraft hardware is obtained
in a“protoflight” status, meaning that Engineering Test Unit (ETU) and spare units are
generally not procured. This approach obviously presents some schedule risk, but is
consistent with the low cost approach that is recommended for the STEREO mission.
Significant reserve is carried on the spacecraft, not because it is a risky development, but
simply because the aerospace industry has only infrequently demonstrated cost
performance similar to that of the SMEX Program. Better performance is expected over
the next few years as the newer technology subsystems and interface standardizations
become the norm.
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Table 6. Spacecraft Cost |temization

FY00 FY01 FY02 FY03 Mission Tota

Mission Element $M $M $M $M $M
Mechanical 0.111 0.810 0.280 0.105 1.306
Power Node 0.017 0.190 0.020 0.010 0.237
Battery 0.000 0.120 0.020 0.010 0.150
Solar Array 0.187 0.320 0.210 0.000 0.717
Harness 0.000 0.130 0.040 0.000 0.170
Thermal 0.153 0.160 0.150 0.040 0.503
Contamination 0.017 0.020 0.080 0.020 0.137
Utility Node 0.000 0.110 0.010 0.010 0.130
ACS Analysis 0.391 0.363 0.262 0.175 1.191
ACS Hardware 0.170 1.500 1.190 0.010 2.870
ACS Software 0.136 0.288 0.257 0.050 0.731
C&DH Software 0.204 0.400 0.300 0.070 0.974
C&DH Hardware 0.034 0.670 0.310 0.000 1.014
Communications 0.051 0.740 0.340 0.020 1.151
I&T GSE 0.357 0.440 0.340 0.200 1.337
EEE Parts 0.578 0.170 0.010 0.000 0.758
Spacecraft 1&T 0.000 0.200 1.100 0.000 1.300

SUB-TOTAL 2.406 6.631 4.919 0.720 14.676
8% G&A 0.192 0.530 0.394 0.058 1.174

TOTAL $2.598 $7.161 $5.313 $0.778 $15.850

(PE?:;ZE) Phase C/D (Development)
D. Mission Integration Costs

Mission integration costs (see Table 7) begin with managing the mission design activities
and include all costs associated with integration of the instruments to the spacecraft and dl
subsequent observatory testing and engineering support up through the initia 30 days on
orbit. It adso includes dl project management costs including administrative, project
support, financial, flight assurance, Reliability and Quality Assurance (R&QA), inventory
management, preparation of the flight operations team for mission operations, mission
systems engineering, and launch operations support.
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The STEREO mission integration costs are based on actuad SMEX mission® historical
data. Though the STEREO mission requires the construction of identica observatories,
the mission integration costs assume an activity level consistent with prior SMEX
missions that were unique and distinctly separate.

Table7. Mission Integration Cost Itemization

FYO1 FYO02 FYO03 FY04 Mission Total
Mission Element $M $M $M $M $M
Scheduling 0.017 0.025 0.045 0.010 0.097
Configuration 0.068 0.100 0.100 0.030 0.298
Management
Management,
Systems Engineering 0.306 0.430 0.510 0.410 1.656
and Administrative
Travel 0.020 0.048 0.059 0.150 0.277
Mission I1&T 0.000 0.000 0.580 0.590 1.170
Field Operations 0.000 0.000 0.050 0.100 0.150
Quality Assurance 0.068 0.130 0.230 0.050 0.478
Misc. Flight 0.000 0.080 0.020 0.000 0.100
Assurance
Reliability 0.000 0.040 0.080 0.030 0.150
EEE Parts Support 0.170 0.200 0.060 0.000 0.430
Flight Operations | ;5 0.540 0.460 0.130 1.215
Preparation
Miscellaneous 0.000 0.050 0.050 0.000 0.100
SUB-TOTAL 0.734 1.643 2.244 1.500 6.121
8% G&A 0.059 0.131 0.180 0.120 0.490
TOTAL 0.793 1.774 2.424 1.620 6.611
(?:;S?gﬁ) Phase C/D (Development)
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E. Mission Operations and Data Analysis Costs

The STEREO MO& DA activities are very straightforward. Except for the routine use of
the DSN 34 meter system, the mission operations activities are very similar to those
planned for the upcoming TRACE mission. These include not only the conduct of the
STEREO mission and analysis and distribution of its data products but also coordination
with other orbiting and ground based solar observatories. For the purposes of this study the
Mission Operations and Data Analysis (MO&DA) requirements were assumed to be
approximately twice the scale of those of the TRACE mission. This is avery conservative
assumption.
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IV. Study Conclusion and Recommendations

This study finds the STEREO mission to be very doable with today’s progressive
technologies. The spacecraft and instruments can be devel oped with minimal technical risk.
Cost and technical (power, weight, volume, and performance) margins are robust.

The STEREO mission is an excellent starter mission candidate for the new SEC initiative.
The three-dimensional measurements of corona structures will provide new and unique
research tools to investigate the physics and evolution of the Sun. These will have
tremendous public appeal, helping to communicate the excitement of this science to
members of other scientific disciplines and to the public at large.

! James G. Watzin. “SMEXsLite-NASA’s Next Generation Small Explorer”. 10th Annual AIAA/USU
Conference on Small Satellites, 16-19 September 1996.

2 Same as number 1.

% Darrell Zimbelman. “The Attitude Control System Design for the Transition Region and Coronal
Explorer Mission”. 9" Annual AIAA/USU Conference on Small Satellites, 18-21 September 1995.

4 Same as number 1.

5 Same at number 1.
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Appendix Il. Data Compression A 50-W X-band transmitter coupled to a 1.3-m-
diameter parabolic high-gain (38 dB) antenna was
The STEREO mission science objectives requir ssumeq for the study_. '_I'he pawer level appears to
e practical for the anticipated launch date, and the

transmission of at least 250 images per day fro ) i
each spacecraft. Since the spacecraft distances fr&rﬁtenna ghameter Is reasonable for the overall space-
graft design.

Earth range up to ~1 AU during the prime scienc

phases, the capacity of the available resourceigjse of the DSN assumed a 34-m dish, an 8-hour

handle the demand must be carefully examined. ntact, and a 6-dB margin, all standard values.

studied the issue using reasonable assumptions for

the onboard computer, compression algorithmsghe results of the study are presented in Table 1,
transmitter power, high-gain antenna dimensiongyhich shows the number of unitimages transmitted
and use of the NASA DSN. The results of the studyer 8_-hour DSN contact as a function of spacecraft
are presenteduantitativelyin tabular form as unit o9 (lag) angle from Earth and as a function of the

images received per DSN contact as a function @fpplied compression factor (CF). The CFs were cho-
spacecraft distance from Earth aquhlitativelyas  sen on the basis of actual experience with SOHO/
actual compressed SOHO/LASCO and images. | ASCO. A CF of 1.0 indicates no compression; a

F of 2.4 is typical of the compression achieved

ith the lossless Rice compression; and CFs of 10
And 28 are for H-compression and were chosen to
match the compression applied to the sample com-
pressed images shown in Figure 1.

The onboard resource assumptions for the stu
were as follows. The nominal imaging detector wa
assumed to be a 10241024 pixel format charge-
coupled device (CCD) operated with 16-bit analog
to-digital conversion. A single full-resolution im-

age acquired with such a detector is treated as a Uil images shown in Figure 1 are SOHO/LASCO

image. Other image rates with subframe images @ and C3 coronagraph images compressed with the
larger CCD pixel formats can be obtained by scalyssjess Rice compression (CF = 2.4) and the lossy
ing the tabular unit image rates as appropriate. H-compression (CF = 10 and 30). The images show

that the lossy compression values cited in Table 1 are

:]-he d(?nbtcr)]ard comptjt(ta.r Wals assumed .to bg able §Bceptable for the coronagraph images and probably
andie the computational compression deémanfy., ¢, e heliosphere imager. Similar tests with

without significantly affecting the telemetry rate'SOHO/EITimages indicate that H-compression with

This is a reasonable assumption based on earligr - :
studies. These had indicated that, when the spacge-CF of 10 produces acceptable image quality.

craft are very near Earth, the telemetry rate is S@e conclude that one 8-hour DSN contact per space-
high that either the instruments themselves or thg 4t every 3 days will provide ~200 to 600 stereo-
onboard storage tends to limit the images per co raphic image pairs per day around aléad angle
tact, while at large spacecraft distances from Earthhq ~100 to 300 stereographic image pairs per day
telemetry limits the rate. The compression algozround the 90lead angle. This quantity of stereo-
rlt_hms assumed and used for the sample images Wej@phic image pairs will be sufficient to meet the
Rice and the H-transform. Onboard storage was a§TEREO science objectives. The onboard storage
sumed to be adequate to hold up to 3 days of comsquirement for 800 images per day compressed by
pressed images. a factor of 28 is ~1 Ghit.
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H-Comprass CR300

Figure 1 Comparison of coronagraph images compressed by various factors. Even with a compression factor
of 30, it is difficult to detect any image degradation.

Table 1. Unit images per DSN contact as a function of spacecraft
lead angle and compression factor (CF).

Angle  Telemetry
(deg) (kbits/s) CF=1 CF=24 CF=10 CF=28

30 142 243 585 2437 6823
60 38 65 156 653 1827
90 19 32 78 326 913
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Appendix Ill. The Case for Scientific Objectives of Magnetic Field
Magnetographs Measurements from STEREO

Vital to our understanding of the propagation of in-
Should the STEREO spacecraft carry a magnetterplanetary disturbances is the ability to model the
graph? If so, what type of magnetograph—vectosolar wind flow. Such models currently are based
or line-of-light (LOS)? In this appendix, we makeon Carrington Rotation maps built up from LOS
the case that it is important for STEREO to carry amagnetograms taken from ground-based observa-
magnetograph of some form on both spacecraft. tories. The fidelity of the resulting models are sus-
pect because the determining characteristics are
partly global in nature. Consequently, some parts of
A simple, low-resolution longitudinal magnetographthe input data for the models are more than 3 weeks
would add immensely to the scientific return of theout of date. We know from Yohkoh and SOHO
STEREO mission, but is there a strong case for irpbservations that even the quiet Sun during solar
cluding a vector magnetograph? It is a more conminimum changes on timescales measured in hours
plex and expensive instrument and would take mor@nd days rather than weeks. Having the multiple
telemetry resources so would have a lower cadengégews of the Sun that STEREO spacecraft would
than a longitudinal instrument. provide, especially when they are more thaf 90

apart, none of the data that the solar wind models
A vector magnetograph would enable us to see theere based on would be more than a few days old.
transverse component of the photospheric magnetithis would provide significantly more reliable mod-
fields as well as measure the line-of-sight magnetigls of the solar wind and, hence, a firmer basis for
field. It could help in understanding the role ofunderstanding the propagation of CMEs in the solar
helicity in the processes that form magnetic struowxind.
tures in the corona and their relative instability.

Vector versus LOS Magnetographs

These types of measurements impose some basic
However, we need to investigate what sensitivity isequirements on the magnetograph. It can be rela-
possible on an instrument compatible with the sizeijvely low resolution (>5 arcsec) over the full solar
mass, telemetry, and budget restrictions of the STHisk, but it does need to have high accuracy at low
REO mission. If it can only measure the transversield strengths<€ 100 G). The observations would
component in strong-field regions, i.e., active rebe required every ~6 hours.
gions, it will not add greatly to the mission. Equally,
if the spatial resolution is too low, we run the danThe global measurement of the solar magnetic field
ger of adding too much of the fine structure togethewould enable us, for the first time, to see its con-
and ending up with a low-fidelity reconstruction oftinuous evolution. From a single, Earth-bound per-
the coronal fields. spective we only see about 30% of the Sun’s mag-

netic evolution due to foreshortening effects near
LOS magnetographs would provide valuable inforthe limb, and we are blind to what happens on the
mation on the general structure of the photospherfar side of the Sun. Hence, our understanding of the
field, and having three views (including ground-emergence and evolution of magnetic fields is based
based magnetographs) would provide some infobn a statistical montage of the partial evolution of
mation on the transverse component, at least in timeany regions. We do not know, for example, whether
plane of the ecliptic. If these data can be combineghere is simultaneous global emergence of field (as
with the 3-D data on coronal magnetic field strucimplied by outbreaks of X-ray bright points seen by
ture from the coronal imager, it might be possiblevohkoh and sympathetic flaring observed by SMM).
to model the structure of the field from the photo-This would imply a large-scale (global) inter-
sphere to the corona. However, this could be a vegonnectivity of the field. We have been surprised by
computationally challenging project, and how wellkthe Yohkoh images showing how widely intercon-
conditioned the problem is would have to be studiedhected active regions are, but do these images reflect
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a global phenomenon? STEREO, with a combinahe modes. In the low-global-mode regime, the
tion of a magnetograph and coronal imager, especialijode frequencies and rotational splittings that probe
in Phase 4, would be able to address this problemthe energy-generating core may be measured much

more precisely than is currently possible.
The evolution of large-scale structures, although

slower than active regions, still cannot be followedf it were possible to obtain time series over a few
with a sufficient temporal coverage to understandhonths, we could make advances in g-mode studies.
or predict their course. The appearance and evol&nother potentially interesting application of this
tion of coronal holes, particularly transequatoriatype of observation would be to obtain somewhat
coronal holes, is hard to understand without cormigher-resolution velocity measurements, perhaps
tinuous coverage. They can last for several rotations) the range of = 50-100. This is the direction of
and some seem to be sheared by differential rotaystematic, long-lived flows in and below the photo-
tion while others do not. Are they a structure in theisphere by the technique of time-distance helio-
own right or are they formed and controlled by otheseismology. Observations with the Michelson-
global forces? Again, only STEREO, with a magneboppler Imager on SOHO have demonstrated that
tograph and coronal imager, can answer this quettis approach is feasible but is limited by the solar
tion by providing continuous spatial coverage of thenrotation, which removes any given portion of the
Sun in less than 2 weeks. By following a region
Polar plumes, polar-crown arcades, filaments, anground the Sun for a rotation or more, the technique
extended neutral lines are further examples of largeould discover the long-sought giant cells in the
scale structures that can only be effectively studieconvection zone beneath the photosphere.
using STEREO, but it is vital that the two space- .
craft carry magnetographs to address the problen%ond“s’on
associated with these globally related phenomendhe baseline instrument complement does not include
a magnetograph simply because of cost limitations.
Magnetographs can also make helioseismologilowever, we have explored the potential advantages
measurements, either in Doppler mode or by tuningf stereoscopic magnetography, avelrecommend
to the local continuum. Data taken from multiplethat studies of lightweight vector magnetographs and
spacecraft and the Earth—Sun line (e.g., from SOHne-of-sight magnetographs be initiatefla mag-
or ground-based observatories) can be combined Betograph can be developed that is compatible with
that the entire Sun is in view; this will allow precisethe STEREO mission restrictions and science require-
frequency measurements without crosstalk betweenents, it should be seriously considered.
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